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High-energy light was generated from lower-energy photons through an
upconversion process using a mixture of a photosensitizer and an emitter. Factors that
influence efficiency of the process were studied. Several ruthenium(II) complexes
coordinated with bi- and polypyridyl ligands were prepared and used as photosensitizers.
Anthracene and its derivatives were used as emitters. In each experiment, the
upconversion sample was irradiated with a laser and the emission was monitored.
The emission spectra exhibited upconversion (415-513 nm), scattering laser light
(514 or 632.8 nm), and phosphorescence (>550 nm). The laser beam was positioned close
to the edge of the sample cuvette to avoid a reduction in the upconversion emission
caused by self absorption. Increases in laser power, photosensitizer concentration, or
emitter concentration increased the upconversion intensity (Iu). Dissolved oxygen caused
a minor decrease in Iu.
Different photosensitizer and emitter derivatives were tested. Homoleptic
ruthenium complexes were more effective photosensitizers with DPA as emitter than

their heteroleptic analogues. Upconversion was detected in the [Ru(deab)3](PF6)2 (deab =
4,4'-bis(N,N-diethylamino)-2,2'-bipyridine) and DPA system using helium-neon (632.8
nm) and argon ion (514 nm) lasers, indicating the same process can occur whenever the
photosensitizer absorbs the incident radiation.
A detailed mechanism is proposed in which an excitation photon is absorbed by a
sensitizer to produce an excited triplet state. Energy is transferred from sensitizer to
emitter by collision, generating triplet excited emitter. Two emitter triplets annihilate to
produce one highly excited singlet. This singlet emits the upconversion photon. The
steady-state approximation is used to explore the upconversion and phosphorescence (Ip)
intensities. Ip has a first order dependence on laser power, while Iu varies between first
and second order. The variable power dependence of Iu occurs because of the competition
between triplet-triplet annihilation and other decay pathways. Finally, (Iu/Ip2) is
proportional to the second order of DPA concentration.
These results generate a better understanding of the upconversion process and
they will help to direct the work of others to enhance the efficiency of photonic devices.
Practical applications of upconversion, such as the development of better photovoltaic
cells, will be aided by the work described herein.
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CHAPTER I
INTRODUCTION

The Sun provides energy to the Earth in a form of radiation supplying light and
heat to living organisms.1-3 Plants and some microorganisms convert sunlight to
carbohydrates and other chemical compounds that other creatures can consume and burn
for energy.2,4 Man has used heat from sunlight for drying cloth and preserving foods.
Recently, scientists have been able to use solar radiation in other applications, such as
converting it to electricity and initiating chemical reactions. Photovoltaic or solar cells
are advanced technologies that directly transform solar energy to electricity. In
photochemistry, some chemical reactions can be initiated by absorbing irradiating
photons. For example, titanium dioxide (TiO2) absorbs UV radiation and uses the energy
to activate the catalytic oxidation of organic compounds.5-10
Incredibly, the energy from the Sun coming to the Earth in 1 hour (4.3 x 1020 J) is
more than the energy used by the world’s population in a year (4.1 x 1020 J).1
Furthermore, solar energy is the cleanest, most abundant, and continually available of the
energy resources.1-3,11 Thus, solar energy is the most desirable renewable energy source
for mankind. If science and engineering can develop technologies to effectively use this
energy, the consumption of other polluting energy resources, such as petroleum-based
fuel and radioactive matter, can be reduced.

1

Due to increasing world population, the global energy demand has increased
every year, and so does the use of solar energy.1-3 However, more extensive use of solar
energy is limited by the conversion efficiency and the cost of materials. Therefore, it is
necessary to develop technologies to improve the efficiency of solar energy conversion
and to reduce the operating cost, making its use more attractive.

1.1

Use of radiation
Light is electromagnetic radiation and exhibits both wave-like and particle-like

properties.4 In some cases, it is more convenient to use a particle description to explain
photochemical phenomena, such as photoactivation. A particle of light is called a photon,
whose energy equals hc/λ, where h = Planck’s constant, c = speed of light, and λ =
wavelength of light. Once a material absorbs a photon, it gains energy equal to the energy
of that photon. When using solar energy in photovoltaic cell technology or to activate
chemical reactions, the first step of the process is photoexcitation, where a material
absorbs incident light.4,12-16 The material gains energy and rises to an excited energy
state.
The energy levels of an atom, molecule, or material are quantized. Each level is
separated by a definite energy gap. The energy level of an atom or a discrete molecule is
exact and normally represented as a line (Figure 1.1 a). Initially, a molecule is at its
lowest energy state, called the ground state. At this state, electrons in the molecule are
located in lowest energy orbitals, making the molecule stable. In photoexcitation, the
molecule gains energy by absorption of light, promoting an electron from an occupied
orbital to a higher unoccupied orbital. Therefore, if the incident photon energy is equal to
2

the gap energy, the molecule is promoted to a higher energy state, yielding an excited
state; otherwise the molecule will remain in its original state.

Figure 1.1 Excitation of electron by absorption of a photon in an atom or a discrete
molecule (a) and in materials (b).
On the other hand, the energy levels in a material which is composed of numerous
atoms, molecules, or ions are more complex than those in an atom or a discrete molecule.
The very high density of states contributes to energy bands (Figure 1.1 b). The lower
energy band of a material is called the valence band and it contains valence electrons.
The higher energy grouping is called the conduction band and it forms when the
unoccupied orbitals interact. There is an energy gap separating these bands. When the
material accepts photon energy equal to or greater than the gap energy, the electrons in
the valance band can be promoted to the conduction band, which allows the flow of
electric current. Similarly, when a molecule in the ground state is excited to the excited
state, a chemical reaction may occur.
3

The energy gap depends directly on the composition of the material. This energy
gap is used to explain the electrical conductivity of materials. In insulators, this gap is
large, so that the material requires very large energy to promote electrons to the
conduction band. Metals have a very small energy gap, or in some metals, the conduction
band overlaps the valance band, allowing electrons readily move between both bands. In
semiconductors and photovoltaic materials, this gap size is moderate. The required
energy to cross between the bands in a semiconductor is not as large as that in insulators,
but not as small as that in metals. The band gap of bulk rutile and anatase TiO2 are 3.0
and 3.2 eV, requiring 413 nm and 388 nm photons to excite their electrons,
respectively.17-19 Silicon, a photovoltaic material, can be excited by 1107 nm light in the
IR region,19 while the conjugated polymer poly(3-hexylthiophene) combined with copper
phthalocyanine absorbs light in the visible region from 400-650 nm.20 If the photon
energy is less than the gap energy, the material will not be excited, so that electrons in
valence band are not promoted to the conduction band, and consequently there is no
reaction or current flow.1,4 When the photon energy exceeds the band gap, only that
fraction of the excitation energy which matches the band gap can be converted to
electrical energy. The excess energy is lost as heat.
For use in solar energy conversion, photonic materials must absorb photons from
solar radiation. Sunlight reaching the Earth’s surface is composed of a broad range of
frequencies in the infrared (IR), visible (Vis), and, minimally, ultraviolet (UV) regions of
the spectrum as shown in Figure 1.2.21 However, due to the band structure mentioned
earlier, a photonic material can only efficiently absorb solar radiation over a specific
range. From Figure 1.2, the most intense solar radiation is in the visible region. If a
4

material’s band gap can be increased to capture photons in this region, higher efficiency
will be obtained. However, lower energy photons would be lost. Due to the Earth’s
atmosphere absorbing most of the UV radiation from the Sun, the intensity of the
remaining UV at the ground surface is quite low compared to Vis and IR.21 The low
intensity of UV can be a problem. For example, several materials, such as TiO2, require
photons with higher energy than the visible band to activate the reaction.22,23 Thus, the
activity of TiO2 in a catalytic oxidation under sunlight is low when compared with the
same reaction under a UV lamp.

Figure 1.2 Natural sunlight spectrum recorded at the Earth’s surface (red line), reprinted
from ref. 21 with permission of the author.

5

Scientists have developed several methods to improve the absorbance
characteristics of these light-activated materials. For instance, varying the size and
crystallinity of silicon crystal shifts the excitation wavelength closer to the visible
region.1-3 Doping small amounts of impurities such as Nd3+ into TiO2 created positivelycharged holes in its structure.17,24 The holes were generated from the replacement of Ti4+
with Nd3+. The unoccupied orbitals of Nd3+ ions contribute to the new unoccupied band
called the Fermi level which has lower energy than the conduction band. Consequently,
the gap energy between the valence band and the new unoccupied band becomes smaller,
so the doped TiO2 can absorb lower energy light in the visible region to initiate a catalytic
reaction. Some researchers are working to develop materials designed to enhance light
collecting ability.22,25-27 For example, coumarin-450 (Figure 1.3) is a useful dye that
absorbs light in the UV region and emits fluorescence in the blue region.27 A ruthenium
bipyridine complex connected with coumarin-450 units using aryl ether linkages
dramatically increases the absorption in the UV region. By contrast, the adjustment of
photon energy to match a material energy gap has rarely been reported.

Figure 1.3 Coumarin-450 used as a dye which absorbs light in the UV region.
6

The change of photon energy mostly involves photoluminescence. In
photophysics, the result of a molecule absorbing a photon is the creation of the transient
excited state molecule. The excited molecule can consequently lose its excess energy by
several pathways, such as undergoing chemical reactions, releasing an electron as
ionization, giving off energy as heat, emitting a luminescence photon, or transferring
energy to another molecule.4,12,15,28 Normally, photoluminescence can be identified as one
of two types, fluorescence and phosphorescence, depending on the mechanism of state
transition. In both cases, the energy of the emitted photon is lower than that of the
absorbed photon due to vibrational relaxation of the excited molecule.15 An important
question involves how the energy of an emitted photon can be increased relative to the
light absorbed.
In 2005, the Castellano group29 reported a low-power upconversion process from
a mixture of a ruthenium complex as sensitizer and 9,10-diphenylanthracene or
anthracene as emitters in acetonitrile. In one experiment, a green commercial laser
pointer with a wavelength 532 nm irradiated the mixture at saturated condition. Upon this
irradiation, blue light was emitted from the solution and could be seen by the naked eye.29
The wavelength of emitted blue light was in the 370-500 nm range. Obviously, the
emitted light had higher energy than the green light used for excitation. The mechanism
of the upconversion process involves the excitation of sensitizer by incident light, energy
transfer between sensitizer and emitter, followed by emission of light.29-36 In the
upconversion process, the ruthenium complex gained energy by absorbing photons with
energy, hυ1, and then by several steps, the system emitted photons of higher energy, hυ2
(hυ2 > hυ1).29,36 Therefore, the process upconverted lower energy photons to those of
7

higher energy. The proposed mechanism of this process will be discussed in the
following section. Additionally, a similar upconversion was found when other metal
complexes, such as platinum porphyrin31,32 and iridium pyridine complexes33 were used
as sensitizers. Furthermore, the upconversion could be performed by a mixture of two
simple organic molecules, 2,3-butanedione as a photosensitizer and 2,5-diphenyloxazole
as an emitter, converting visible to UV light.37 Besides the studies in liquid phase, there
are a few reports about upconversion emission from solid-state materials made of a
platinum porphyrin photosensitizer and DPA emitter blended in ethyleneoxideepichlorohydrin copolymer.38-40
It is worthwhile to note that only electronic transitions and energy transfers are
involved in the proposed mechanism.29 This means that the photosensitizer and emitter
will theoretically return to their original state after the process, so the upconversion can
occur continuously until the excitation light is extinguished. This characteristic is a great
advantage of the system for practical use.
The ability of this process to increase photon energy may be useful for enhancing
the efficiency of photosystems. For example, the visible-to-UV organic mixture37 may
cooperate with TiO2 that requires UV photons to initiate its reaction. The mixture will
convert visible photons to UV ones for TiO2 excitation. Furthermore, upconversion has
been applied to useful applications such as diode-pumped visible lasers, lighting or threedimensional displays, and photon detection devices.36,41-44
Although there are several publications related to upconversion, the mechanism
involved in the process is still not completely understood. Many factors that may affect
the upconversion efficiency, such as metal complexes, emitters, concentrations, and
8

excitation wavelengths, need to be clarified. A better understanding of the process will
provide the basis for choosing sensitizers and emitters that yield high upconversion
efficiency. Additionally, knowledge from the studies will allow one to be able to
specifically tune excitation wavelengths and emission wavelengths. In this dissertation,
mechanistic details of the upconversion process based on ruthenium complexes as
sensitizers and anthracene derivatives as emitters and the factors affecting the
upconversion intensity are reported.

1.2

Theory and literature review

1.2.1 Upconversion process
The efficiency for upconverting photon energy depends directly on the
mechanism and materials used.36 Theoretically, the upconversion process can be
classified into two types: single- and multi-photon processes. The single-photon process
involves a material absorbing one photon, followed by gaining more energy from another
source and then emitting one higher energy photon. The additional energy can possibly
be heat or vibrational energy in the system. The single-photon mechanism usually raises
photon energy approximately 100-1000 cm-1.36 The most common example of this type is
anti-Stokes emission in Raman spectroscopy, especially in silicon converting light from
1542 to 1329 nm.45
The multi-photon processes involve two or more excitation photons absorbed to
yield one emitted photon with higher energy. These processes can be divided into three
major categories:36
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a) Simultaneous upconversion: The simultaneous absorption of two excitation
photons by one molecule is the key step of this mechanism. It is not necessary that both
absorbed photons have the same wavelength. After a molecule absorbs the first photon,
the molecule is raised to a virtual or real intermediate excited state. Before decomposing
back to its ground state, the excited molecule absorbs the second photon; consequently,
the energy of the second-excited molecule is raised to a higher excited state than the
previous excited level.36,46 Finally, the excited molecule emits a photon with energy as
the combination of the two absorbed photon energies. The process is shown in Figure 1.4
(a). Examples are CaF2:Eu2+ and KH2PO4 crystals converting light from 694 nm to 425
nm and from 514 nm to 418 nm, respectively.36,46-48
b) Cooperative upconversion: The process involves two photosensitizers
absorbing two photons separately. It is worth noting that two photosensitizers do not need
to be the same species or even at the same excited states.36 Then, the energy of one
excited photosensitizer is transferred to the other one, so the energy level of the later one
is raised to a higher excited energy level. In some cases, the third molecule will work as
an acceptor receiving energy from the two excited photosensitizers, followed by emitting
a high energy photon. Nevertheless, both species need to have lifetimes long enough to
transfer energies before they decay as in Figure 1.4 (b). The upconversion process in this
dissertation is considered to be in this category. Other examples of this mechanism are
YbPO4:Er3+ (10230 cm-1 to 14500 and 18050 cm-1)49 and YF3:Yb3+/Tb3+ (930 nm to 490,
546, 585, and 620 nm).50
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Figure 1.4 Th
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Suijverr.36
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c) Intermediate upconversion: The last type of upconversion is similar to the two
processes above, except that the intermediate species in this type are detectable after the
first excitation or the first energy transfer as shown in Figure 1.4 (c). The lifetimes of
intermediates must be long enough for excitation energy to be stored and before the
second excitation photon is absorbed. Typically, the intermediates should have a lifetime
of at least a microsecond.36 Examples of the process are rare-earth compounds doped
with fluorides, such as SrF2:Er3+ crystal converting 980 nm photons to 408, 522, 545, and
665 nm photons.51
Besides the mechanism, upconversion efficiency depends on several other factors.
Examples of the factors are the ability of photosensitizers to capture incident light, the
excitation wavelengths, energy loss, lifetimes, and temperature.

1.2.2 Upconversion in the system composed of ruthenium complexes and anthracene
derivatives
The upconversion process mainly involves two important components, namely a
photosensitizer and an emitter in solution. The photosensitizer absorbs an excitation
photon and then transfers the absorbed energy to the emitter, so that the emitter is raised
to its excited state. Next, when an excited emitter collides with another excited emitter,
the energy of one excited emitter is transferred to the other. Therefore, one emitter
deactivates, and the other emitter is raised to a higher excited level. The excited emitter
subsequently releases an upconverted photon.
In the first upconversion report from the Castellano group,29 the sample solution
was composed of tris(4,4'-dimethyl-2,2'-bipyridine)ruthenium(II) ion ([Ru(dmb)3]2+) and
12
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From the mechanism, the emitted photon results from two excitation photons, so
the theoretical maximum number of the emitted photons is half of the number of the
absorbed photons, regardless of energy loss or other side reactions. In other words, the
maximum quantum yield of this reaction sequence is 0.5 (Eq. 1.5).
[Ru(dmb)3]2+ + hυ1

3

3

[Ru(dmb)3]2+ + 3DPA*

(Eq. 1.2)

DPA + 1DPA*

(Eq. 1.3)

DPA + hυ2

(Eq. 1.4)

1
2

(Eq. 1.5)

[Ru(dmb)3]2+* + DPA
3

DPA*

+
1

3

DPA*

DPA*

maximum quantum yield

[Ru(dmb)3]2+*

# of emitted photons
# of absorbed photons

(Eq. 1.1)

The change of the energies in the upconversion process can be represented as in Figure
1.6. The efficiency of energy transfer between the sensitizer and the emitter relies on their
relative energy levels. The triplet energy level of the donor must be higher than that of
the acceptor for energy transfer to occur. Furthermore, the energy level of the singlet
excited emitter (1DPA*) determines the energy of an upconverted photon.
Besides the energy levels, the lifetimes of the excited species involved are also
important. Ruthenium bipyridine complexes are well known as phosphorescence
emitters. From the mechanism, 3[Ru(dmb)3]2+* must live long enough to transfer its
energy to DPA. Likewise, before decomposition, 3DPA* has to undergo TTA with another
3

DPA* molecule. Therefore, the selection of a photosensitizer and an emitter for an

upconversion process has to consider their lifetimes as well.
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Figure 1.6 The relative energy level diagram for species involved in the upconversion
process, modified from Zhao.33
There were several reports using other emitter compounds in the upconversion
process, such as anthracene (An)34, 2-chloro-bis-phenylethylnylanthracene31, 9,10dimethylanthracene (DMA)35, pyrene33, di-tert-butylpyrene33, dipyrromethene32, and 2,5diphenyloxazole.37 They exhibited different characteristics such as emission wavelengths
and intensities. Some of them had side reactions that hinder the upconversion
mechanisms. For example, singlet excited anthracene (1An*) reacts with ground state
anthracene forming an anthracene dimer (An2) which is stable and less soluble in
acetonitrile (Eq. 1.6).13,34,52,53 By contrast, DPA does not form a dimer due to steric effect
from the phenyl groups.54
1

An*

+ An

An2

(Eq. 1.6)

Pyrene (Py) is another example of a molecule that forms a dimer after irradiation with
light.33 It is well known that the fluorescence spectrum of Py depends on its
concentration. At high concentration, Py usually forms an excimer, an excited dimer,
(1PyPy* in Eq. 1.7). The electronic structure of the excimer is different from that of the
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excited monomer (1Py*). Therefore, fluorescence from both singlet monomer and excimer
contribute to a mixed spectrum dependent on the decay rates and the ratio of both excited
species.13
1

Py*

1

+ Py

PyPy*

2 Py + hυ

(Eq. 1.7)

1.2.3 The photochemistry of ruthenium sensitizers
Ruthenium tris-bipyridine complex ([Ru(bpy)3]2+) and its derivatives have been
studied for many years as photosensitizers and phosphorescence emitters. Unlike in the
first row, octahedral transition metal complexes in the second and the third rows tend to
have low spin electronic configurations because of the greater splitting of d orbital
energies (greater energy difference between t2g and eg, ∆o or 10Dq) and the larger size of
d orbitals decreasing electron repulsion in the same orbital.55 For this reason,
ruthenium(II) bipyridine complexes have a low spin configuration and a singlet ground
state. Ru2+ with three bipyridine ligands adopts an octahedral coordination geometry
assigned to the D3 point group. The 4d orbitals of the Ru complexes are split into three
levels from lowest to highest energy as follows:
in a1(d), and

and

and

orbitals in e(d),

orbital

in e*(d*) (Figure 1.7). With a low-spin configuration, the six

valence electrons of Ru2+ fully fill the

,

, and

orbitals (

).56,57

Generally, most transition metal complexes can be excited by absorption of
photons in the UV and visible ranges. The excitation of an electron in complexes is a
result of the following processes: a) metal-to-ligand charge transfer (MLCT), b) ligandto-metal charge transfer (LMCT), c) ligand centered (LC), and d) metal centered (MC),
as shown in Figure 1.7.58
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Figure 1.7 Orbital diagram for [Ru(bpy)3]Cl2 showing electronic transitions, modified
from Lytle.56
The first publication of luminescence of tris(2,2'-bipyridine)ruthenium(II)
chloride [Ru(bpy)3]Cl2 was in 1959 by Paris and Brandt.59 However, there was a lot of
confusion over the assignments of the electronic transitions for the luminescence
process.56,57 Klassen et al. in 196860 and Lytle et al. in 196956 found evidence suggesting
the luminescence was a result of a charge-transfer spin-forbidden transition. The study of
electrochemistry, electronic absorption, and electron spin resonance (ESR) clearly
revealed the electron distributions in the [Ru(bpy)3]n (n = -1, 0, 1, and 2) molecules in the
stepwise reduction process (Eq. 1.8).55,61 The additional electrons were located on the
ligands. Therefore, when the complex was excited by a photon, an electron of [Ru]2+
delocalized to a bpy ligand via an MLCT process (Eq. 1.9).61
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[RuII(bpy)3]2+

+eֿ

[RuII(bpy)2(bpy )]+

[RuII(bpy )3]-

+eֿ

[RuII(bpy)(bpy )2]0

[RuII(bpy)3]2+

hυ

[RuIII(bpy)2(bpy )]2+

+eֿ

(Eq. 1.8)
(Eq. 1.9)

The transition of an electron between energy levels is controlled by spin selection
rules. The transition is allowed when there is no difference in spin (S) between two states
(∆S = 0), otherwise it is forbidden. For example, the transition of a molecule (M) from
the singlet ground state to the singlet excited state (1M Æ 1M*) is allowed because S is
the same in both states. By contrast, the transition from the singlet ground state to the
triplet excited state (1M Æ 3M*) is forbidden (∆S = 1). An allowed transition is much
more intense and occurs faster than a forbidden one. In the case of [Ru(bpy)3]Cl2, the
complex has a singlet ground state ([Ru2+]), so an allowed excitation of the complex
produces a singlet excited complex (1[Ru2+]*). The change of energy level in the
excitation process can generally be illustrated by a Jablonski diagram as in Figure 1.814
where S0 is a singlet ground state and S1 and S2 are the first and second singlet excited
states, respectively. Each state contains vibrational levels. The number of vibrational
levels depends on degrees of freedom (3N-5 for a linear molecule and 3N-6 for others
where N is the number of atoms). The internal conversion is a non-radiational transition
process occurring from higher to the lowest vibrational level (v = 0) within the same state
(Figure 1.8).
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Figure 1.8 Jablonski diagram showing luminescence process where S0 represents a
ground state, S1 and S2 are first and second singlet excited states, and T1 is
first triplet excited state.14
After an excitation, there are three possible pathways for S1 to decay; fluorescence
emission, energy transfer, or intersystem crossing. The first two pathways are the
transition from S1 back to S0. Fluorescence is emission of a photon, hυF in Figure 1.8,
with energy equal to the energy difference between S1 and S0 or between S2 and S0.
Second, energy transfer, also called quenching, to another molecule can occur. Last, for
the intersystem crossing, the spin multiplicity of the excited complex changes from
singlet to triplet (S1 Æ T1 in Figure 1.8). Because of the change in spin multiplicity,
intersystem crossing is a forbidden process. Thus, the duration for intersystem crossing of
metal complexes is commonly on the order of 10-7 s, slower than that of internal
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conversion (10-10 s).13,55 Moreover, T1 is more stable than S1 according to Hund’s
multiplicity rule.4,12,14,16 Therefore, the reverse process T1 Æ S1 usually does not occur
unless the T1 excited state obtains more energy giving a state higher in energy than the S1
level.
Although intersystem crossing is a forbidden process, the singlet excited
ruthenium complex tends to undergo intersystem crossing from 1[Ru2+]* Æ 3[Ru2+]*
rather than the other pathways because the spin selection rule becomes less strict in cases
where heavy transition metals are present in the molecule.55 The spin forbidden transition
will be partially allowed due to the coupling between the spin and orbital angular
momenta for heavy metals.
Similar to S1, the T1 state can decay to the ground state (S0) via several
mechanisms,4,13-16,28 such as transferring energy to another molecule (quenching),
releasing energy as heat (intersystem crossing), and emitting a photon as
phosphorescence (hυP) (see Figure 1.8). The details of the energy transfer to another
molecule will be discussed in the following section. Both fluorescence and
phosphorescence are emissions from an excited molecule, but from different excited
states. The wavelength of phosphorescence is longer than that of fluorescence, because in
the same molecule, the energy of T1 is typically lower than that of S1. Furthermore,
phosphorescence can be distinguished from fluorescence by determining the decay time
of the emission. Normally, the decay time of fluorescence is on the order of nanoseconds,
while that of phosphorescence is on the order of milliseconds to minutes.
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1.2.4 Energy transfer by quenching process
In the upconversion mechanism, the T1 excited state of the ruthenium sensitizer
transfers its energy to the DPA emitter. This transfer process is called quenching, which
is an intermolecular energy transfer occurring via a collisional mechanism without the
emission of a photon.4,14 The energy donor (3[Ru2+]*) and acceptor (DPA) must diffuse to
each other during the lifetime of 3[Ru2+]*. After the collision, the ruthenium reverts back
to the ground state, while the DPA gains energy and is excited to the triplet state (3DPA*)
as in Eq. 1.2. Due to the diffusion of a donor and an acceptor involved in the process, the
nature of the medium is important to the rate and efficiency of the reaction.
It is obvious that the presence of a DPA quencher decreases the number of
3

[Ru2+]* in the system. As a result, the phosphorescence intensity from 3[Ru2+]* also

decreases. Generally, the relationship between emission intensity and quencher
concentration can be described by the Stern-Volmer equation.14
1

(Eq. 1.10)

1

In this equation, I0 and I are the emission intensities of the excited molecule in the
absence and presence of the quencher, respectively. kq is the bimolecular quenching rate
constant, and τ0 is the lifetime of the excited molecule when no quencher exists. [Q]
represents the concentration of the quencher, and KSV is the product of kqτ0, called the
Stern-Volmer quenching constant. The plot of (I0/I) versus [Q] gives a line with intercept
at 1 and slope equal to KSV. If the plot deviates from linearity, the mechanism is likely
more complicated with more than one excited compound or quencher involved.
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It should be realized that the Stern-Volmer equation provides information about
the relative number of excited molecules deactivated by a quencher, but it does not reflect
the number of excited quenchers generated. After a collision, the energy might not be
successfully transferred to the quencher.13,55 The quenching efficiency depends directly
on the energy levels of both donor and acceptor. When the triplet energy level of a donor
is significantly higher than that of an acceptor, the energy transfer is efficient.
Conversely, when both energy levels are close, the energy transfer becomes less efficient.
If the energy level of a donor is lower, the energy is not transferred to the acceptor and is
released as heat instead. In the upconversion mechanism, the generation of 3DPA* is an
important step for the production of 1DPA*, which emits an upconversion photon, so the
efficiency of the energy transfer in the generation of 3DPA* needs to be determined.
Generally, determination of triplet energy levels can be performed by
spectroscopic methods. In the case of molecules emitting strong phosphorescence, the
triplet energy is directly obtained from the phosphorescence emission wavelength.
Ruthenium bipyridine complexes and derivatives are examples of this case. On the other
hand, organic molecules, such as DPA, tend to emit intense fluorescence rather than
phosphorescence, making the phosphorescence intensity extremely weak. To study the
phosphorescence of these molecules, one useful method is “flash photolysis”. The
method uses a flash of high intensity radiation such as a laser generates to excite a
compound (M) in a very dilute solution (10-7 M).54 When M is excited to the singlet
excited state (1M*), most 1M* emits fluorescence and is deactivated to the ground state. A
very small percentage of the excited molecules will perform intersystem crossing to the
triplet excited state (3M*). The ratio of the number of the excited molecules that emit
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fluorescence and transform to

3

M* depends on the molecular structure and

environment.54,62,63 For example, intersystem crossing of DPA from S1 Æ T1 is very low,
about 2% in ethanol and 0.8% in nonpolar solvents. The lifetime of 3M* is longer than
that of 1M* since the transition to a singlet ground state is forbidden. Thus, from the time
scales it is possible to distinguish the emission of 3M* from that of 1M*. In the case of
DPA, the lifetime of the 1DPA* is about 1-103 ns compared with the 10-104 ms lifetime of
3

DPA*. If the excitation light is extinguished after irradiating for 100 ns, the fluorescence

emission from the 1DPA* can be detected instantly and lasts for no more than 103 ns. The
emission occurring after this is considered to be the phosphorescence from 3DPA*, except
in the case of delayed fluorescence which is described next. As mentioned, the intensity
of the

3

M* is extremely low, so highly accurate and sensitive instruments are

required.54,62-70 In addition, this method also estimates the efficiency of intersystem
crossing compared with fluorescence and radiationless transitions from S1ÆS0.54

1.2.5 Triplet-triplet annihilation (TTA) and delayed fluorescence
After forming the triplet excited DPA (3DPA*) in the upconversion mechanism,
TTA occurs when two 3DPA* molecules interact. The collision of two triplet states causes
the energy transfer from one to the other.71 One DPA deactivates to the ground state,
while the other DPA is excited to the singlet excited state (1DPA*), which has higher
energy than 3DPA*.
In general, from the Wigner spin correlation rule which states that the overall spin
angular momentum of the system should not change during energy transfer process, the
TTA products can be two singlets or one singlet excimer (Eq. 1.11).4,64
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(Eq. 1.11)

For DPA, the products of TTA are DPA and 1DPA*, and no excimer is found.54
The TTA mechanism was first formulated by Parker and Hatchard based on the
observation that the emission intensity in the study had a square dependence on the
intensity of the absorbed light.72 The TTA mechanism has been used to explain the
unexpected formation of singlet excited species from triplet excited molecules generated
from flash photolysis and electrochemistry, especially in several conjugated organic
compounds.12,71,73-75 Moreover, there is evidence that TTA is controlled by the diffusion
of involved species since the rate of TTA depends on the temperature and viscosity of the
solution.71,73,75 In addition, the number of singlet excited molecules has a square
dependence on the number of triplet excited molecules. This evidence supports the
proposed mechanism for TTA, where two triplet molecules generate one singlet excited
molecule.
From the reported upconversion experiments, upconversion intensity was
quadratic relative to the power of the excitation radiation.29-33,35,37,40 These results agreed
well with TTA being a step in the mechanism. From the upconversion mechanism in Eq.
1.12 and 1.13, the formation rate of 3[DPA]* has a first order dependence on the 3[Ru2+]*
and [DPA], while TTA shows a second order dependence on the 3[DPA]*. The number of
3

[Ru2+]* is directly proportional to the intensity of the incident light. Thus, it can be

implied that the formation of 1[DPA]*, which emits an upconversion photon, has a second
order dependence on the incident light intensity.
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(Eq. 1.12)
(Eq. 1.13)
In Eq. 1.13, 1DPA* is generated from two 3DPA* via TTA, followed by photon
emission from 1DPA*. The emission from 1DPA* produced from TTA is known as
delayed fluorescence, which is different than the normal fluorescence of DPA. The
1

DPA* causing the normal fluorescence is a direct excitation transition of DPA Æ 1DPA*.

Furthermore, the delayed fluorescence appears later and lasts longer than the normal one
does because the generation of the delayed fluorescence occurs via several forbidden
transition processes.12,13,15,54,64 However, since the emissions of both are from 1DPA*, the
spectra from delayed and normal fluorescence are similar. Other examples of molecules
that can emit delayed fluorescence are phenanthrene, pyrene, naphthalene, hexahelicene,
and triphenylene, especially the last three compounds which give delayed fluorescence
even in rigid glass at 77 K.76,77
Delayed fluorescence emission is controlled by both internal and external
factors.54,64 The internal factor involves the electronic properties of molecule, such as the
difference of energy levels and lifetimes of triplet and singlet excited species. The
external factors are temperature, solvent, quencher, and incident light intensity. Delayed
fluorescence is normally found from molecules in the liquid phase, and it is hard to
visualize in the solid phase due to low diffusion and collision rates of the molecules
involved. The collision rate can be increased by increasing the species involved. For
example, the delayed fluorescence intensity of phenanthrene increases with increasing
phenanthrene vapor pressure.54
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Upconversion is an emission from the singlet excited emitter, so the molecular
structure of the emitter controls the upconversion spectrum. In several studies, aromatic
hydrocarbons have been used as emitters due to strong emission and ease of modification.
The number of conjugated rings in aromatic hydrocarbons affect their electronic
structures, absorption, fluorescence, and triplet energy levels.54,64,78 By increasing the
number of aromatic rings in the structures, the fluorescence spectra are shifted toward
longer wavelength due to the decrease of the gap energy between ground and excited
states. For example, benzene fluoresces in the UV, anthracene fluoresces in the blue,
naphthacene fluoresces in the green, and pentacene fluoresces in the red.54,64 Similarly,
substituent groups cause blue or red shift to the emission spectra depending on the
electronic effect of the groups and the positions of substitution. The replacement of all
hydrogen atoms in aromatic molecules with deuterium atoms shifts their emission spectra
to higher frequency (blue shift) because of the decrease of the zero point vibration energy
in ground and excited states.54,64 Alkyl groups, which are electron donors by the inductive
effect, show small red shifts in the emission spectra.13,64 Substituents with electron
delocalization into the main aromatic structures such as vinyl, amino, hydroxyl, and
methoxy groups produce a large red shift of the spectra. On the other hand, aromatic
substituents that are not coplanar with the molecular plane due to steric effects (e.g. DPA,
of which the phenyl groups are at 60º to the anthracene plane) have relatively small effect
on the fluorescence spectra. Lastly, halogens, carbonyls, and quinones increase the rate of
intersystem crossing.
As mentioned earlier, the dimerization of anthracene (An) and some of its
derivatives occur as a competitive reaction with the upconversion process.13,34,52,53 The
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photochemistry of anthracene and its derivatives have been studied due to their strong
fluorescence emission. The first study of the photodimerization was performed in a
solution of An in benzene exposed to sunlight, yielding a precipitate. Further studies
revealed that the solid was a dimer of An, which could be dissociated by heat as shown in
Figure 1.9.13,54 The dimer is formed through the 9 and 10 positions of two An molecules.
Besides An, other anthracene derivatives with substituents at the 1 or 2 positions are also
photodimerized with efficiencies comparable to the unsubstituted An because the groups
at those two positions point away from the molecules and do not obstruct the
dimerization.54 By contrast, mono- and di-substitution at the 9 and 9, 10 positions inhibit
the formation of dimers due to both steric and electronic effects. However, only a few
substituents can completely prevent the photodimerization. The list of anthracene
derivatives that form and do not form dimers are given in Table 1.1. This information
will be a guide for choosing emitters for the upconversion process.

Figure 1.9 Photodimerization of anthracene and its derivatives.54
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an important role for the upconversion efficiency because the mechanism involves
intermolecular energy transfer based on collisional processes. Viscous and rigid media
reduce the diffusion of the precursor species lowering upconversion efficiency.
b) Temperature: In general, the lifetimes of excited species emitting fluorescence
or phosphorescence are temperature independent, but the luminescence intensities may
vary with temperature.15 It is because the rates of nonradiative processes, such as internal
conversion and intersystem crossing (S1 Æ T1), increase with increasing temperature. For
this reason, the quantum yield of fluorescence, which is a competitive rate to the others,
decreases when temperature increases. The change of the fluorescence quantum yield is
typically small and rarely as large as a factor of 10 between 77 K and room
temperature.15
As mentioned previously, the intersystem crossing of S1 Æ T1 increases with
increasing temperature. However, a similar effect is even greater in the intersystem
crossing of T1 Æ S0 without radiative emission.15 Consequently, the phosphorescence and
delayed fluorescence intensities can decrease by several orders of magnitude when the
temperature is increased from 77 K to room temperature. For example, the
phosphorescence quantum yields for aromatic hydrocarbons decrease by factors of 1000
or more with this temperature change.
Interestingly, the anthracene derivatives with different substituted positions
behave differently when the temperature changes.15 For 9- and 9,10- substituted
anthracene compounds, fluorescence quantum yields increase greatly with a decrease of
temperature, whereas the other substituted derivatives show low quantum yield and small
temperature dependence.16 More importantly, one must not forget that the upconversion
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process strongly depends on the diffusion rates of the species involved. At low
temperature, although the delayed fluorescence efficiency increases, the upconversion
yield may not increase due to the slow diffusion rates.
c) Impurities: Impurities in a system can interfere with the emission of excited
species in several ways, such as the deactivation of excited species via quenching, the
absorption of excitation or emitting photons, the co-emission at the same wavelengths as
excitation or luminescence wavelengths, and shortening the lifetime of excited
species.12,14,15 Oxygen gas (O2) generally dissolves in solvents with a concentration about
10-3 M.79,80 The ground state of O2 is a triplet state containing two unpaired electrons, and
is particularly effective in quenching excited triplet molecules. The degree of O2
quenching for fluorescence ranges from less than 1%, in a compound having a strong first
absorption band and low fluorescence quantum yield, to 95% for a long-lived singlet
excited molecule.4,15 By contrast, O2 quenching of phosphorescence and delayed
fluorescence is much greater. Singlet quenching by O2 seems to occur by collisional
energy transfer producing singlet excited 1O2 (Eq. 1.14).12
1

M*

+

3

3

O2

M* + 1O2*

(Eq. 1.14)

Similarly, the quenching of triplet excited molecules can also occur by the spin allowed
catalysed intersystem crossing to the ground state which generates singlet O2 (Eq. 1.15).12
3

M*

+

3

1

O2

M + 1O2*

(Eq. 1.15)

Besides quenching, O2 in solution can oxidize aromatic hydrocarbons.13,27,54,64 If
An is irradiated in the absence of O2, the product is a dimer An2. If there is O2 in solution,
a product with bridged peroxide is found. In the case of DPA, O2 only quenched the
excited DPA but did not oxidize the DPA molecule.63 Similarly, ruthenium complexes
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are sensitive to the presence of O2, which quench the triplet species and also shorten the
excited lifetimes.27,81-83 O2 in solvents can be removed by freeze-pump-thaw cycles or by
bubbling inert gas through the solvent.
The theory and literature section provides basic knowledge that is useful in
explaining how the upconversion process occurs, for example, the excitation of
ruthenium complexes and delayed fluorescence of DPA. However, complete
understanding of the upconversion process is lacking, and more information is required,
such as the factors that control the energy transfer efficiency between a photosensitizer
and an emitter. The better one understands the mechanistic details and factors that
influence the efficiencies, the better one can modify the system for practical use.

1.3

Objectives
To gain a detailed understanding of the upconversion mechanism, several

important factors that directly affect the upconversion efficiency will be studied. The
upconversion process involves two major components, a photosensitizer and an emitter.
The electronic properties of these two compounds strongly influence the upconversion
efficiency. For ruthenium photosensitizers, modifying the ligands causes a change in their
properties, such as absorption of incident light and energy transfer efficiency to an
emitter, which are important steps in the upconversion process. Therefore, in this study,
several different bipyridyl ligands are coordinated to the ruthenium center in the
complexes studied. Moreover, besides homoleptic complexes, mixed-ligand complexes
are also used in order to study the symmetry effect in the upconversion efficiency.
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The electronic properties of the emitter can be modified by changing substituents.
Most of the previous upconversion studies and this one focused on DPA as the emitter.
The upconversion efficiency for anthracene and some of its derivatives with substituents
at the 9 and 9,10 positions were used as emitters in this study and compared with DPA.
According to the proposed mechanism, the upconverted light is emitted from the
excited emitter which obtains energy from the photosensitizer in solution.29,35,38 Thus, a
change in the concentrations of both photosensitizer and emitter should affect the
upconversion intensity. The concentration of each component of the mixture is varied to
determine the effect upon upconversion intensity.
In addition, besides the sensitizer and emitter, several other factors might affect
the upconversion efficiency. It is interesting to study the effects from these factors. First,
oxygen gas (O2) has been reported to be an effective quencher.4,8,12 It is of interest to
determine whether O2 quenching of excited species would dramatically reduce
upconversion emission. Thus, the upconversion studies are carried out in both aerated and
deaerated CH2Cl2.
The second external factor is the excitation wavelength. The upconversion
process is initiated by the absorption of the incident light. However, a photosensitizer
absorbs different amounts of photons depending on the absorptivity at the photon
wavelength. Therefore, the effect of the excitation wavelength is studied using two
irradiation sources having different wavelengths. For this study, a ruthenium complex
photosensitizer that absorbs light at longer wavelength needs to be identified. The two
sources are argon-ion and helium-neon lasers giving 514 nm and 632.8 nm wavelength
light, respectively. Tris(4,4'-bis(N,N-diethylamino)-2,2'-bipyridine)ruthenium(II) hexa32

fluorophosphate, [Ru(deab)3]2+, is used as the photosensitizer because it is the only
ruthenium complex in this dissertation that absorbs at both wavelengths. The emission
intensities from both excitation wavelengths are compared.
Lastly, the power of the laser source used to irradiate the upconversion solution is
another factor of interest. This is because the upconversion intensity depends on the
number of incident photons which corresponds to the laser power.29,30,32,37,38 From the
proposed upconversion mechanism, the upconversion intensity should be second order in
laser power, and this dependency is reported. However, an absolute square dependency
should only occur when there are no other side reactions or energy loss in the process. To
clarify the dependency, the upconversion intensity is obtained at different laser powers.
Finally, a detailed mechanism of the upconversion process is proposed based on
the results of these studies and the mechanistic work previously done.29,35,38 Using the
proposed mechanism, equations describing upconversion and phosphorescence intensities
and their relationship are developed using a steady-state approximation.
The details of the syntheses and upconversion experiments are given in Chapter 2.
The results and discussion of the experiments are given in Chapter 3 along with the
formulation of the mechanistic details of upconversion process. Finally, the overall study
is summarized in Chapter 4.
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CHAPTER II
EXPERIMENTAL

This experimental chapter is divided into two major sections, chemical synthesis
and upconversion studies. The synthesis section includes the preparation of ligands and
ruthenium complexes and their characterization. The upconversion section describes the
instruments and conditions that were used for determining the photochemistry of the
upconversion process.

2.1

Synthesis and characterization

2.1.1

Chemical reagents and instrumentation used
Ligands: 2,2'-Bipyridine (bpy), 4,4'-dimethyl-2,2'-bipyridine (dmb), 2,2';6',2''-

terpyridine (tpy), and 1,10-phenanthroline (phen), dimethylsulfoxide (DMSO) were
purchased from Sigma-Aldrich. 4,4'-Bis(N,N-diethylamino)-2,2'-bipyridine (deab), 2,2'bipyridine-4,4'-dicarboxylic acid (dcpy), and 4-methyl-4'-(2-phenylethyl)-2,2'-bipyridine
(MPEbpy) were synthesized as part of this research project. The structures of all ligands
are given in Figure 2.1.
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Figure 2.1 The structures of the ligands used for synthesizing ruthenium complexes.
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Emitters: Anthracene (An) was purchased from Eastman Organic Chemicals.
9,10-Diphenylanthracene
carbaldehyde

(DcAn),

(DPA),

9,10-dibromoanthracene

anthracene-9,10-dicarbaldehyde

(Br2An),

anthracene-9-

(Dc2An),

α-methyl-9-

anthracenemethanol (MMAn), and 9,10-bis(phenylethynyl)anthracene (BPEA) were
obtained from Sigma-Aldrich. DPA was purified using silica gel column chromatography
with toluene as eluent because it was found that the emission intensity and the scattering
light from the purified DPA were higher and more consistent than those from DPA as
delivered. The other emitters were used as received. Used DPA mixed with ruthenium
complexes from the upconversion solution was collected and recycled using the same
purification method described above. The structures of the emitters are shown in Figure
2.2.
Other reagents: Ruthenium(III) chloride hydrate (RuCl3⋅xH2O) was obtained from
Johnson-Matthey. Dichloromethane (CH2Cl2), acetonitrile (CH3CN), diethyl ether
(C2H5OC2H5), ethanol (C2H5OH), fuming sulfuric acid (concentrated H2SO4 with 30%
SO3), concentrated nitric acid (HNO3), hydrogen peroxide (H2O2, 30%), chloroform
(CHCl3), tetrahydrofuran (THF), and chromatographic silica gel were purchased from
Fisher

Scientific.

Ammonium

hexafluorophosphate

(NH4PF6),

acetylchloride

(CH3COCl), phosphorus trichloride (PCl3), diethylamine (NH(C2H5)2, Et2NH), nbutyllithium (C4H9Li, 2.5 M in hexane), benzylbromide (C6H5CH2Br), and deuterated
solvents were all supplied by Sigma-Aldrich. Ar gas (ultra high purity) was obtained
from Airgas.
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Figure 2.2 Structures of anthracene derivatives that were used as emitters in the
upconversion studies.
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Nuclear magnetic resonance spectroscopy (NMR):

1

H NMR spectra were

obtained using a Bruker Avance III 300 MHz spectrometer at room temperature. The
chemical shifts of the peaks are reported versus internal references which were
tetramethylsilane (TMS) for deuterated organic solvents and sodium 2,2,3,3-d4-3trimethylsilylpropionate (TMSP-2,2,3,3-d4) for D2O.
UV-Visible absorption spectroscopy (UV-vis): UV-vis absorption spectra from
200 to 800 nm were recorded on a double-beam Shimadzu UV-2550 spectrometer with
the temperature of the cell controlled at 21 °C. Two quartz cuvettes were used for the
sample and the solvent blank in the spectrometer. Tungsten and deuterium lamps were
used as visible and UV radiation sources, respectively. The irradiation sources were
switched at 360 nm wavelength. The resolution of the spectra was set at 0.5 nm.
Infrared spectroscopy (IR): The vibrational spectra of the prepared compounds
were obtained using a single-bounce diamond ATR accessory on a Thermo Nicolet 6700
FT-IR spectrometer at room temperature.
Single crystal X-ray diffraction: The crystal structure of a single crystal was
analyzed with a Bruker Kappa Apex-II diffractometer equipped with a molybdenum Xray source (Mo-Kα, λ = 0.71073 Å), a CCD area detector, a monocap beam concentrator,
and a 3-circle goniometer. For low-temperature data collection, liquid nitrogen was used
to cool a crystal to 100 K using an Oxford Cyrosystems Cyrostream accessory. Bruker
Apex2 crystallographic software was used for solving, refining, and analyzing the crystal
structure.
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2.1.2

Ligand syntheses
a)

4,4'-Bis(N,N-diethylamino)2,2'-bipyridine (deab)

The synthesis of deab was accomplished by several steps as shown in Figure 2.3.
Some modifications were applied to the synthetic methodology in the literature to
increase product yields.84-86

Figure 2.3 Scheme for the synthesis of deab.

2,2'-bipyridine-N,N'-oxide (I). 6.0 g (0.038 mol) of bpy was dissolved in 50 mL
glacial acetic acid in a 100 mL two-neck round-bottom flask. 20 mL of 30% H2O2 was
added to the flask with an addition funnel. The stirred solution was refluxed at 80°C for 3
hours, followed by addition of 15 mL of 30% H2O2 and continually refluxed for 4 hours.
The solution was allowed to cool to room temperature. The solvent volume was
decreased to 10 mL using a rotary evaporator. 500 mL of acetone was then added to the
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solution. Compound I precipitated from the solution and was collected by filtration. The
light brown solid was dried under vacuum. The yield was 6.87 g (93% yield, lit.87 97%).
Melting point: 305-306°C (decomposed), lit.87 307-309°C; 1H NMR (300 MHz;
DMSO-d6); δ = 8.38 (2H, d, J = 3.3 Hz, H3+H3'), 7.76 (2H, d, J = 7.9 Hz, H6+H6'),
7.65-7.68 (4H, m, H4+H4'+H5+H5'); IR (cm-1): 1475(s), 14266(s), 1247(s), 1147(s),
1020(s), 837(s), 762(s). All spectroscopic values agree well with the literature.86,87
4,4'-Dinitro-2,2'-bipyridine-N,N'-oxide (II). 6.87 g (0.0365 mol) of compound I
was added to a 250 mL round-bottom flask and cooled in an ice bath. 35 mL of cold
fuming H2SO4 was added very slowly to the flask. Next, 27.5 mL of cold concentrated
HNO3 was added dropwise to the solution. The reaction mixture was stirred for 2 hours
before refluxing at 100°C for 4 hours. A CaCl2 trap was placed on the top of the
condenser to capture NO2 gas. The solution was then cooled to 0°C and poured on a
mixture of 50 g ice and 50 g water. A yellow solid precipitated from the mixture. The
solid was separated by filtration, washed with water until neutral and air dried. 3.26 g
(31.8% yield) of compound II solid was obtained. The literature preparation reported a
75% yield.87 The reason for the lower yield may be because concentrated HNO3 was used
instead of fuming HNO3.
Melting point: 270-271°C (decomposed), lit.87 271-272°C (decomposed); 1H
NMR (300 MHz; DMSO-d6): δ = 8.70 (2H, d, J = 3.3 Hz, H3+H3'), 8.61 (2H, d, J = 7.5
Hz, H6+H6'), 8.37 (2H, dd, J = 7.5 and 3.3 Hz, H5+H5'); IR (cm-1): 1574(s), 1508(b),
1337(s), 1286(s), 1114(s), 908(s), 837(s), 747(s), 675(s). All spectroscopic results agree
with the literature.86,87
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4,4'-Dichloro-2,2'-bipyridine-N,N'-oxide (III). 2.38 g (0.0086 mol) of
compound II solid was dissolved in 35 mL glacial acetic acid in a 250 mL round-bottom
flask. 25 mL (0.32 mol) of acetyl chloride was added slowly to the solution. The solution
was refluxed at 100°C for 2 hours with a CaCl2 trap placed on the top of the condenser.
The flask was allowed to cool to room temperature. The solution was poured into 150 g
of ice to convert excess acetyl chloride to HCl and acetic acid. 30% w/v NaOH solution
was added to the solution until it became neutral. During the addition of NaOH solution,
a solid precipitated. The solid was collected by filtration and air dried. 1.98 g (91% yield,
lit.87 77%)) of brownish white compound III was obtained.
Melting point 273-275°C (decomposed), lit.87 276-282°C; 1H NMR (300 MHz;
DMSO-d6): δ = 8.37 (2H, d, J = 3.6 Hz, H3+H3'), 7.93 (2H, d, J = 1.5 Hz, H6+H6'), 7.68
(2H, dd, J = 3.6 and 1.5 Hz, H5+H5'); IR (cm-1): 1451(s), 1374(s), 1242(s), 878(b),
827(b). All characterization data are in agreement with the literature.86,87
4,4'-bis(N,N-diethylamino)-2,2'-bipyridine-N,N'-oxide

(IV).

Because

the

reaction was done at 130°C, a 20 mL stainless steel autoclave with Teflon liner was used.
0.62 g (2.41 mmol) of compound III was placed into the Teflon liner. 6.5 mL of H2O and
6.5 mL of Et2NH were then added, followed by stirring for 20 min. The container was put
in the autoclave and heated to 130°C in an oven for 10 hours. The solution was allowed
to cool to room temperature and solvent was removed using a rotary evaporator. The
solid obtained was dissolved in 10 mL acetone. Diethyl ether was added to the solution
until a solid precipitated. The solid was collected by filtration and vacuum dried. The
solid was white brown and identified as compound IV. 0.70 g (88% yield) of product was
obtained with some Et2NH remaining.
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1

H NMR (300 MHz; acetone-d6): δ = 8.04 (2H, d, J = 3.6 Hz, H6+H6'), 6.87 (2H,

d, J = 1.5 Hz, H3+H3'), 6.80 (2H, dd, J = 3.6 and 1.5 Hz, H5+H5'), 3.42 (8H, q, J = 3.6
Hz, CH2), 1.16 (12H, t, J = 3.6 Hz, CH3). The δ and J values are slightly shifted from
those reported.87
4,4'-bis(N,N-diethylamino)-2,2'-bipyridine (deab). 0.30 g (0.91 mmol) of
compound IV was put in a 250 mL round-bottom flask. 40 mL of CHCl3 was added to
dissolve the solid. The solution was cooled in an ice bath. 8 mL of PCl3 was slowly added
dropwise to the solution, and then the reaction mixture was refluxed at 100°C for 3 hours.
After the solution cooled to room temperature, it was poured into a beaker containing 150
g of ice and 100 g of water. Two solution layers formed in the beaker. The water layer
was extracted with 25 mL of fresh CHCl3 until the CHCl3 layer became colorless. The pH
value of the water layer containing the desired product was adjusted to 11-12 with
concentrated NaOH, yielding a grey solid which was collected by filtration and washed
with water until the filtrate was neutral. The grey solid was recrystallized from hot 50%
ethanol/water. The mass of deab obtained was 0.18 g (66% yield, lit.87 69%).
Melting point 155-157°C, lit.87 154-155°C; 1H NMR (300 MHz; CD3CN): δ =
8.16 (2H, d, J = 6.0 Hz, H6+H6'), 7.68 (2H, d, J = 2.1 Hz, H3+H3'), 6.57 (2H, dd, J = 6.0
and 2.1 Hz, H5+H5'), 3.44 (8H, q, J = 7.2 Hz, CH2), 1.18 (12H, t, J = 7.2 Hz, CH3).; IR
(cm-1): 1582(s), 1533(s), 1493(s), 1356(s), 1267(s), 1196(s), 1084(s), 1016(s), 991(s).
The δ and J values are slightly different from the literature due to a different deuterated
NMR solvent, but the IR and melting point argee.86,87
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b)

2,2'-bipyridine-4,4'-dicarboxylic acid (dcpy)

Synthesis as described by Arzoumanian et al.88 and Venema et al.89 (Figure 2.4).
2.00 g (0.0109 mol) of dmb and 7.06 g of KMnO4 in 300 mL water were put into a 500
mL round-bottom flask. 5 mL of 1 M NaOH was added to the solution as a catalyst. The
solution was refluxed at 80°C for 24 hours. After that, the MnO2 solid in the solution was
removed by filtration while the solution was still hot, yielding a clear, colorless solution.
The undesired products were removed from the solution by solvent extraction using three
portions of 60 mL CHCl3. The deprotonated dcpy in the water layer was precipitated with
6 M HCl by adjusting the pH to 6. The dcpy was collected by filtration, washed with
water, and vacuum dried. The mass of product was 0.77 g (29% yield, lit. 75%90 and
85%85).
Melting point > 360 °C, lit.85 > 300°C; 1H NMR (300 MHz; D2O/NaOD): δ =
8.73 (2H, s(broad), H6+H6'), 8.34 (2H, s, H3+H3'), 7.82 (2H, s(broad), H5+H5'); IR (cm1

): 1709(s), 1364(s), 1238(s), 1013(s), 765(s), 681(s) .The splitting patterns of 1H NMR

peaks are not well resolved, but the IR confirms the C=O vibration at 1709 cm-1, same as
in the literature.85,88,90

Figure 2.4 The synthesis of dcpy ligand.
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c)

4-methyl-4'-(2-phenylethyl)-2,2'-bipyridine (MPEbpy)

The unsymmetrical MPEbpy ligand was synthesized by slightly modifying the
method of Lagref (Figure 2.5) for the synthesis of unsymmetrical 4-methyl-4'-perfluoro1H,1H,2H,2H,3H,3H-undecyl-2,2'-bipyridine.91 A -80°C cold bath was prepared by
mixing ethyl acetate with liquid nitrogen. 0.5 g (2.71 mmol) of dmb was dissolved in 50
mL dry THF in a 250 mL Schlenk flask under Ar and cooled in the cold bath. Fresh
lithium diisopropylamide (LDA) was prepared by mixing 1.40 mL of 2.16 M n-butyl
lithium in hexane (nBuLi) in a 100 mL Schlenk flask at -80°C and 0.43 mL of
diisopropylamine was added. The LDA solution was warmed to 0°C in an ice bath for 30
min, and then cooled back to -80°C. The LDA solution was slowly transferred into the
flask containing dmb solution over 30 min using a cannula. After being allowed to warm
to 0°C, the solution was stirred for 30 min, and then cooled to -80°C again. 0.42 mL of
benzyl bromide in 10 mL THF was added to the solution. The solution was stirred for 6
hours at room temperature, followed by reflux at 80°C for 2 hours. 50 mL of water was
added to destroy remaining LDA and benzyl bromide. Six portions of 25 mL CH2Cl2
were used to extract the desired product from the solution. The CH2Cl2 layers were
collected and the solution volume was reduced to 5 mL using a rotary evaporator. The
solution was added to the top of a silica gel chromatography column, 50 cm long and 3
cm in diameter. A mixture of 99.5% CHCl3 and 0.5% ethanol was used as eluent. The
product was recrystallized from hot ethanol. The mass of white MPEbpy solid obtained
was 0.32 g (43% yield), lit.92 14%). A crystal of MPEbpy suitable for crystallography
was obtained from ethanol by allowing a solution to evaporate slowly at room
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temperature. Figure 2.6 shows the crystal structure of MPEbpy, and the crystallographic
parameters are given in Table 2.1.

Figure 2.5 The synthesis of MPEbpy.

Melting point 81-83°C, lit.92 80°C; 1H NMR (300 MHz; CDCl3): δ = 8.56 (1H, s,
3H), 8.55 (1H, s, 3H'), 8.29 (1H, s(broad), 6H), 8.24 (1H, s(broad), 6H'), 7.18-7.34 (5H,
m, Ph), 7.15 (1H, d, H5), 7.10 (1H, d, H5'), 3.01 (4H, s(broad), CH2CH2), 2.45 (3H, s,
CH3); IR (cm-1): 1593(s), 1452(s), 1421(s), 1374(s), 897(s), 827(s), 753(s), 733(s);
Analytical calculation for C19H18N2: C, 83.21; H, 6.57; N, 10.22. Found: C, 82.64; H,
6.65; N, 10.05. The 1H NMR data are in full agreement with the literature reported.92
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Figure 2.6 The crystal structure of MPEbpy.

Table 2.1 The crystallographic parameters for MPEbpy.
empirical formula

C19H18N2

color

colorless

formula weight

274.35

density (g cm-3)

1.229

crystal system

Triclinic

temperature (K)

100

space group

Pī

wavelength (Å)

0.71073

final indices R1, wR2

0.0401, 0.1128

all data R1, wR2

0.0466, 0.1194

a (Å)

10.1391(10)

α (deg)

82.9070(10)

b (Å)

10.2463(10)

β (deg)

80.5330(10)

c (Å)

14.5834(14)

γ (deg)

87.7200(10)

V (Å3)

1482.7(3)

Z

4

unit cell parameters

46

2.1.3

Synthesis of ruthenium complex precursor cis-dichlorotetrakis(dimethyl

sulphoxide)ruthenium(II) (cis-Ru(DMSO)4Cl2)
The preparation of cis-Ru(DMSO)4Cl2 was performed according to the method
given by Evans et al.93
RuCl3⋅xH2O + 4 DMSO

cis-Ru(DMSO)4Cl2

(Eq. 2.1)

1 g (3.83 mmol) of RuCl3⋅xH2O was dissolved in 5 mL DMSO in a 50 mL Schlenk flask
under an argon atmosphere. The solution was refluxed with stirring for 5 min, and then
allowed to cool to room temperature. 20 mL of acetone was added yielding a yellow
solution. The solvent volume was reduced to one half of the original using a mechanical
pump and a liquid nitrogen trap. A yellow solid precipitated from the solution. The solid
was filtered, washed with acetone and ether, and dried under vacuum. The solid was
purified by recrystallization from hot DMSO. The mass of product obtained was 0.96 g
(52% yield, lit.93 72%); melting point 193-194°C (decomposed), lit.93 193°C; 1H NMR
(300 MHz; DMSO-d6): δ = 2.61 (broad, s, CH3); IR (cm-1): 1399(b), 1309(b), 1083(s),
1013(s), 989(s), 923(s). The data agree with the literature.93

2.1.4

Syntheses of ruthenium complexes used for the upconversion studies
a)

Complexes of ruthenium coordinated with bipyridine ligands

The ruthenium complexes that were used as sensitizers in the upconversion
process were prepared from the cis-Ru(DMSO)4Cl2 precursor. Each Ru2+ forms a
complex with three bipyridine ligands. The general formula of the complexes are
represented by either [Ru(L)3](PF6)2 or [Ru(L)(L')2](PF6)2 where L and L' are bipyridine
ligands and PF6¯ is the counter anion. When all three bipyridine ligands are the same, the
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complexes are homoleptic ruthenium complexes, [Ru(L)3](PF6)2. On the other hand,
heteroleptic ruthenium complexes are complexes with more than one type of ligand
[Ru(L)2(L')](PF6)2 where L ≠ L'. Simple illustrations of the ruthenium complex structures
are shown in Figure 2.7.

Figure 2.7 The simple illustrations generalized for [Ru(L)3]2+ and [Ru(L)(L')2]2+.

Homoleptic ruthenium complexes [Ru(L)3](PF6)2 where L = dmb, bpy, phen,
deab, and MPEbpy were synthesized. The method was described by Damrauer et al.94
Briefly, 96.8 mg (0.2 mmol) of cis-Ru(DMSO)4Cl2 was placed in a 100-mL Schlenk flask
under an argon atmosphere. 20 mL of 95% ethanol was added and the mixture was heated
with stirring. After the solid dissolved, 0.63 mmol (3.1 equivalents) of the ligand
dissolved in 5 mL ethanol was added dropwise to the solution. Next, the solution was
refluxed for 24 hours and then allowed to cool to room temperature. The solvent was
removed using a rotary evaporator. The solid obtained was dissolved in a small amount
of CH3CN. 0.163 g (2.0 mmol) of NH4PF6 in 10 mL of water was added to the solution.
A solid precipitated from the solution. The solid was collected by filtration, washed with
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water, and purified by recrystallization. The recrystallization was done by dissolving the
solid in a small amount of CH3CN in a small beaker. The beaker was then placed in a jar
containing diethyl ether. Diethyl ether vapor slowly diffused from the jar into the beaker,
causing crystallization of the ruthenium complexes. The complexes were collected by
filtration and vacuum dried.

cis-Ru(DMSO)4Cl2 + 3 L

[Ru(L)3]Cl2

2 NH4PF6

[Ru(L)3](PF6)2

(Eq. 2.2)

The yields of homoleptic ruthenium complexes and their characterization are
listed below:
i) [Ru(dmb)3](PF6)2

{tris(4,4'-dimethyl-2,2'-bipyridine)ruthenium(II)

hexa-

fluorophosphate} : 81.9% yield, (lit.94 76%); melting point 320°C
(decomposed); 1H NMR (300 MHz; CD3CN): δ = 8.34 (6H, s, H3+H3'), 7.53
(6H, d, J = 5.7 Hz, H6+H6'), 7.21 (6H, d, J = 5.7 Hz, H5+H5'), 2.52 (18H, s,
CH3); IR (cm-1): 1619(s), 1479(s), 1447(b), 1241(s); UV-vis (λmax (ε) (nm,
M-1cm-1)): 250(2.4 x 104), 259(2.29 x 104), 461(1.48 x 104). The 1H NMR and
UV-vis spectroscopic data agree well with those in the literature.94,95
ii) [Ru(bpy)3](PF6)2 {tris(2,2'-bipyridine)ruthenium(II) hexafluorophosphate}:
75.1 % yield; melting point > 330°C; 1H NMR (300 MHz; CD3CN): δ = 8.50
(6H, d, J = 7.5 Hz, H3+H3'), 8.06 (6H, t, J = 7.5 Hz, H4+H4'), 7.72 (6H, d, J
= 5.4 Hz, H6+H6'), 7.40 (6H, t, J = 5.4 Hz, H5+H5'); IR (cm-1): 1607(s),
1464(s), 1446(s), 1424(s), 1314(s), 1162(s), 882(s); UV-vis (λmax (ε) (nm,
M-1cm-1)): 225(1.44 x 104), 245(2.54 x 104), 453(1.47 x 104). The 1H NMR,
IR and UV-vis spectroscopic data coincide with those in the literature.95
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iii) [Ru(phen)3](PF6)2 {tris(1,10-phenanthroline)ruthenium(II) hexafluorophosphate}: 80.2 % yield; melting point > 330°C; 1H NMR (300 MHz; acetoned6): δ = 8.78 (6H, d, J = 8.1 Hz, H4+H7), 8.39-8.40 (12H, m, H2,H9,H5,H6),
7.79 (6H, dd, J = 8.1 and 5.7 Hz, H3+H8); IR (cm-1): 1427(s), 1412(s), 823(s),
722(s); UV-vis (λmax (ε) (nm, M-1cm-1)): 231(6.03 x 104), 313(6.40 x 103),
420(1.77 x 104), 447(1.93 x 104). The 1H NMR, IR, and UV-vis spectroscopic
data agree well with those in the literature.96-98
iv) [Ru(deab)3](PF6)2 {tris(4,4'-bis(N,N-diethylamino)-2,2'-bipyridine)ruthenium
(II) hexafluorophosphate}: 70.6 % yield; melting point 330-333°C
(decomposed); 1H NMR (300 MHz; CD3CN): δ = 7.35 (6H, s(broad),
H6+H6'), 7.23 (6H, s(broad), H3+H3'), 6.52 (6H, s(broad), H5+H5'), 3.53
(24H, m, CH2), 1.17 (36H, t, J = 6.9 Hz, CH3); IR (cm-1): 2977(b), 1610(s),
1530(s), 1468(s), 1381(s), 1274(b), 1192(s), 1078(s), 1023(s); UV-vis (λmax
(ε) (nm, M-1cm-1)): 314(3.78 x 104), 522(1.03 x 104). The UV-vis spectrum is
the same as that in the literature.99
v) [Ru(MPEbpy)3](PF6)2

{tris[4-methyl-4'-(2-phenylethyl)-2,2'-bipyridine]

ruthenium(II) hexafluorophosphate}: 85.1 % yield; melting point 155-157°C
(decomposed); 1H NMR (300 MHz; acetone-d6): δ = 8.69 (3H, s, H3), 8.64
(3H, s, H3'), 7.85 (3H, d, J = 5.7 Hz, H6), 7.76 (3H, d, J = 5.7 Hz, H6'), 7.367.46 (6H, m, H5+H5'), 7.16-7.30 (15H, m, Ph), 3.19 (6H, t, J = 6.9 Hz, CH2Ph), 3.04 (6H, t, J = 6.9 Hz, CH2-bpy), 2.58 (9H, s, CH3); IR (cm-1): 1617(s),
1479(s), 1424(s), 1243(s), 823(s), 750(s), 700(s); UV-vis (λmax (ε) (nm,
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M-1cm-1)): 328(1.32 x 104), 461.5(1.59 x 104); Analytical calculation for
RuC57H54N6P2F12: C, 56.39; H, 4.45; N, 6.92. Found: C, 55.86; H, 4.52; N,
6.80. Because this complex was first synthesized in this dissertation, no
spectroscopic or physical data is available for comparison. However, the
chemical shifts and ratios of peak areas from the 1H NMR spectrum agree
well with the expectation. In addition, the elemental contents from the
elemental analysis results are in agreement with the calculated amounts.
Hepteroleptic ruthenium complexes [Ru(L)(L')2)](PF6)2 where L and L' =

dmb, bpy, and phen and L ≠ L' were selected for the upconversion studies. With the three
ligands, six heteroleptic ruthenium complexes were prepared. The synthesis method for
the complexes was slightly modified from that for the homoleptic ruthenium complexes
in the ligand addition step (Eq. 2.3). After the cis-Ru(DMSO)4Cl2 was dissolved, one
equivalent of ligand L was added. The solution was refluxed for 8 hour to allow the
formation of cis-Ru(L)(DMSO)2Cl2. Next two equivalents of ligand L' were added and
the solution refluxed for an additional 16 hours. The counterion metathesis and workup
were performed as described for the homoleptics.

cis-Ru(DMSO)4Cl2

L

RuL(DMSO)2Cl2
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1) 2L'
2) NH4PF6

[Ru(L)(L')2](PF6)2

(Eq. 2.3)

The yields of heteroleptic ruthenium complexes and their characterization are
listed below:
vi) [Ru(bpy)(dmb)2](PF6)2

{(2,2'-bipyridine)bis(4,4'-dimethyl-2,2'-bipyridine)

ruthenium(II) hexafluorophosphate}: 78.3 % yield; melting point 275-278°C
(decomposed); 1H NMR (300 MHz; CD3CN): δ = 8.48 (2H, d, J = 7.8 Hz,
bpy-H3,H3'), 8.34 (4H, s, dmb-H3,H3'), 8.03 (2H, dd, J = 7.8 and 6.0 Hz,
bpy-H4,H4'), 7.73 (2H, d, J = 5.4 Hz, bpy-H6,H6'), 7.52 (4H, d, J = 4.8 Hz,
dmb-H6,H6'), 7.38 (2H, dd, J = 6.0 and 5.4 Hz, bpy-H5,H5'), 7.22 (4H,
m(broad), dmb-H5,H5'), 2.53 (12H, s, dmb-CH3); IR (cm-1): 1621(s), 1481(s),
1447(s), 1243(s), 820(s), 763(s), 733(s); UV-vis (λmax (ε) (nm, M-1cm-1)):
226.5(2.00 x 104), 249.5(2.38 x 104), 258(2.33 x 104), 458.5(1.34 x 104). The
1

H NMR, IR and UV-vis spectroscopic data agree well with those in the

literature 95,98
vii) [Ru(bpy)2(dmb)](PF6)2

{bis(2,2'-bipyridine)(4,4'-dimethyl-2,2'-bipyridine)

ruthenium(II) hexafluorophosphate}: 80.3 % yield; melting point 226-230°C
(decomposed); 1H NMR (300 MHz; CD3CN): δ = 8.49 (4H, d, J = 8.1 Hz,
bpy-H3,H3'), 8.36 (2H, s, dmb-H3,H3'), 8.04 (4H, dd, J = 8.1 and 4.8 Hz,
bpy-H4,H4'), 7.73 (4H, d, J = 3.3 Hz, bpy-H6,H6'), 7.53 (2H, d, J = 5.7 Hz,
dmb-H6,H6'), 7.39 (4H, dd, J = 4.8 and 3.3 Hz, bpy-H5,H5'), 7.23 (2H, d, J =
5.7 Hz, dmb-H5,H5'), 2.528 (6H, s, dmb-CH3); IR (cm-1): 1621(s), 1465(s),
1447(s), 1244(s); UV-vis (λmax (ε) (nm, M-1cm-1)): 226.5(1.61 x 104),
247(1.598 x 104), 456(1.34 x 104). The 1H NMR and UV-vis spectroscopic
results agree well with those in the literature.95,98,100
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viii)

[Ru(bpy)(phen)2](PF6)2

{(2,2'-bipyridine)bis(1,10-phenanthroline)ruthe-

nium(II) hexafluorophosphate}: 65.2 % yield; melting point > 330°C; 1H
NMR (300 MHz; CD3CN): δ = 8.66 (2H, d, phen), 8.52-8.61 (4H, m,
phen+bpy), 8.18-8.29 (6H, m, phen+bpy), 8.00-8.10 (2H, m, phen), 7.89 (2H,
d, phen), 7.79 (2H, dd, bpy), 7.68 (2H, d, phen), 7.56 (2H, dd, phen), 7.28
(2H, dd, bpy); IR (cm-1): 1466(s), 1446(s), 1428(s); UV-vis (λmax (ε) (nm,
M-1cm-1)): 230.5(5.04 x 104), 286(4.42 x 104), 449.5(1.754 x 104). All
spectroscopic results are in agreement with the data in the literature.98
ix) [Ru(bpy)2(phen)](PF6)2

{bis(2,2'-bipyridine)(1,10-phenanthroline)ruthenium

(II) hexafluorophosphate}: 69.0 % yield; melting point > 330°C; 1H NMR
(300 MHz; CD3CN): δ = 8.66 (2H, d, phen), 8.48-8.55 (4H, m, phen+bpy),
8.25 (2H, s, bpy), 8.06-8.13 (4H, m, phen), 7.97-8.03 (2H, m, bpy), 7.86 (2H,
d, bpy), 7.72-7.77 (2H, m, bpy), 7.54 (2H, d, bpy), 7.38-7.47 (2H, dd, bpy),
7.20-7.24 (2H, dd, bpy); IR (cm-1): 1603(s), 1464(s), 1446(s), 1428(s),
1164(s); UV-vis (λmax (ε) (nm, M-1cm-1)): 230(3.32 x 104), 266(5.27 x 104),
451(1.56 x 104). The 1H NMR, IR, and UV-vis spectra agree well with those
in the literature.98,100
x) [Ru(dmb)(phen)2](PF6)2 {(4,4'-dimethyl-2,2'-bipyridine)bis(1,10-phenanthroline)ruthenium(II) hexafluorophosphate}: 85.9 % yield; melting point 324327°C (decomposed); 1H NMR (300 MHz; acetone-d6): δ = 8.86 (2H,
dd(broad), phen), 8.80 (2H, dd(broad), phen), 8.73-8.76 (4H, m, phen), 8.57
(2H, dd(broad), dmb), 8.42-8.45 (4H, d(broad), phen), 8.27 (2H, dd(broad),
phen), 8.00 (2H, dd, phen), 7.83 (2H, d, phen), 7.74 (2H, dd, dmb), 7.28 (2H,
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d(broad), dmb), 2.56 (6H, s(broad), dmb); IR (cm-1): 1618(s), 1427(s), 827(s),
766(s), 738(s); UV-vis (λmax (ε) (nm, M-1cm-1)): 230(4.94 x 104), 282.5(4.59 x
104), 451(1.69 x 104). The 1H NMR, IR, and UV-vis spectroscopic data match
with those in the literature.98
xi) [Ru(dmb)2(phen)](PF6)2 {bis(4,4'-dimethyl-2,2'-bipyridine)(1,10-phenanthroline)ruthenium(II) hexafluorophosphate}: 90.5 % yield; melting point 200202°C (decomposed); 1H NMR (300 MHz; acetone-d6): δ = 8.80 (2H, dd,
phen), 8.73 (2H, s(broad), phen), 8.68 (4H, s(broad), phen+dmb), 8.44 (2H,
dd, dmb), 7.99 (2H, d, phen), 7.93 (2H, dd, dmb), 7.67 (2H, d, dmb), 7.47
(2H, d(broad), dmb), 7.20 (2H, d(broad), dmb),2.62 (6H, s, dmb), 2.51 (6H, s,
dmb); IR (cm-1): 1620(s), 1481(s), 1427(s); UV-vis (λmax (ε) (nm, M-1cm-1)):
228.5(3.72 x 104), 267(5.50 x 104), 456(1.45 x 104). The 1H NMR, IR, and
UV-vis spectroscopic data correspond with those in the literature.98
b)

Bis(2,2':6',2''-terpyridine)ruthenium (II) hexafluorophosphate {[Ru(tpy)2]-

(PF6)2} The synthesis of the complex was similar to the syntheses of the homoleptic
ruthenium complexes. The only difference was that 2 equivalents of tpy were used. The
structure of [Ru(tpy)2]2+ is shown in Figure 2.8. 95.1 % yield; melting point > 330°C; 1H
NMR (300 MHz; DMSO-d6): δ = 9.10 (4H, d, J = 4.5 Hz, H3'+H5'), 8.84 (4H, d, J = 4.2
Hz, H3+H3''), 8.55 (2H, s(broad), H4'), 8.03 (4H, s(broad), H4+H4''), 7.43 (4H, d , J =
1.5 Hz, H6+H6''), 7.26 (4H, s(broad), H5+H5''); IR (cm-1): 1620(s), 1481(s), 1427(s);
UV-vis (λmax (ε) (nm, M-1cm-1)): 230(2.772 x 104), 272(2.55 x 104), 310(5.86 x 104),
476(1.02 x 104). The characterization results agree with those from the literature.101,102
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Figure 2.8 Structures of cis-Ru(dcpy)2(NCS)2 and [Ru(tpy)2]2+.

c)

cis-Dithiocyanato-bis(4,4'-dicarboxy-2,2'-bypyridine)ruthenium(II)

{cis-

Ru(dcpy)2(NCS)2)}: cis-Ru(dcpy)2(NCS)2 is different from the other ruthenium
complexes mentioned earlier. The structure of the complex is shown in Figure 2.8. cisRu(dcpy)2(NCS)2 was chosen for this study because it has been studied as an efficient
sensitizer in photochemistry.103,104
The synthetic method was described by Nazeeruddin and Grätzel.105 39.2 mg
(0.15 mmol) RuCl3⋅xH2O was dissolved in 15 mL of dimethylformamide (DMF) in a 100
mL Schlenk flask. The flask was wrapped with aluminum foil to protect the solution from
light that causes the isomerization of the complex from cis to trans. The solution was
stirred for 15 min at room temperature under an Ar atmosphere. 70.8 mg (0.29 mmol) of
dcpy in 5 mL DMF was added into the flask. The solution was refluxed at 170-180°C for
4 hours, and then allowed to cool to room temperature. The solvent was removed using a
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mechanical pump with a liquid nitrogen trap. 10 mL of 2 M HCl was added to the
remaining solid in the flask and stirred for 4 hours at room temperature. The solution was
filtered through a fine sinter glass crucible and washed with water and ether. The solid on
the crucible was dried under vacuum. 7.7 mg (7% yield) of product identified as cisRu(dcpy)2Cl2 was obtained, but the yield of the product is far different from the given
yield in the literature (86%).105 1H NMR (300 MHz; D2O/NaOD): δ = 9.34 (2H,
s(broad)), 8.82 (2H, s(broad)), 8.62 (2H, s(broad)), 8.06 (2H, s(broad)), 7.71 (2H, m),
7.31 (2H, s(broad)). The 1H NMR spectrum shows six types of hydrogen atoms in the
complex suggesting the cis conformation.
Next, 33 mg (40.8 mmol) of NaSCN was added to a 50 mL Schlenk flask
wrapped with aluminum foil. 3 mL of H2O and 3 mL of DMF were added, and the
solution was stirred under argon for 15 min. 7.7 mg (0.0117 mmol) cis-Ru(dcpy)2Cl2 in 3
mL DMF was added to the flask. The mixture was refluxed at 150°C for 5 hours and
allowed to cool to room temperature. The solvent was removed using a mechanical
pump. 0.5 M NaOH was added to the remaining solid until the pH of the solution reached
10. The basic solution was filtered to remove any insoluble solid. The filtrate was
acidified using 1 M HClO4 until the pH was 3.5. A solid precipitated upon acidification.
The mixture was kept in a freezer overnight before filtration to collect the solid. The solid
was washed with acidic water (pH = 3.5) and ether and dried under vacuum. The mass of
cis-Ru(dcpy)2(NCS)2 product was 0.0048 g (58% yield, lit.105 85%); melting point 220242°C (decomposed); 1H NMR (300 MHz; D2O/NaOD): δ = 9.47 (2H, d , J = 6.3 Hz),
8.86 (2H, s(broad)), 8.70 (2H, d, J = 1.2 Hz), 8.13 (2H, d, J = 4.2 Hz), 7.76 (2H, d, J =
6.3 Hz), 7.45 (2H, d, J = 4.2 Hz); IR (cm-1): 2108(b), 1704(b), 1611(s), 1550(s), 1407(s),
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1314(s), 1260(b), 1229(s), 1126(b), 1019(s); λmax = 538 nm(ε 10453 M-1cm-1). The
spectroscopic data fully agree with those in the literature.104,106,107

2.2

Upconversion experiments

2.2.1

Sample preparation

The intensity of upconversion emission is sensitive to several factors. For
example, the upconversion intensity reduced over time after a ruthenium sensitizer was
mixed with an emitter, so the upconversion solutions were freshly prepared before each
experiment. The solvent used was CH2Cl2 due to its ability to dissolve all emitters and
ruthenium complexes, except cis-Ru(dcpy)2(NCS)2 , which was prepared in DMF. For an
upconversion solution, one emitter and one ruthenium complex were separately dissolved
in CH2Cl2. Just before the experiment, both solutions were quantitatively combined in a
volumetric flask and kept in a dark area. The upconversion solution was placed in a
cuvette with a Teflon stopper which prevented the evaporation of solvent. All samples
were prepared at room temperature which is about 23°C.

2.2.2 Instrument for upconversion experiments

a)

Excitation light source: two lasers with specific wavelengths were used to

excite the sample solutions in the upconversion process. The first laser source was a
Melles Griot air-cooled Ar-ion laser (Model 532-AP-A01). It generates green 514 nm
light with tunable power between 3-24 milliwatts (mW). The other one was a red heliumneon laser from Melles Griot (Model 05-LHP-991) producing 632.8 nm light. Its power
is fixed at 10 mW.
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b)

Power meter: the power of the radiation from the laser source was

measured using an Ophir thermopile head power meter (Model 03A-P-cal). The meter is
connected to AN/2 digital display from the same company.
c)

Sample cell: the upconversion solution was placed in a fluorescence quartz

cell. The cell is rectangular with four clear sides and a Teflon stopper on the top. The cell
can hold a solution up to 3.5 mL, and the pathlength of the cell is 1 cm.
d)

Sample stage: the sample cuvette was placed on a sample stage. The stage

consisted of two translation plates, one moving in a left-right direction and the other one
moving in a back-forward direction. The precise movements were controlled by
micrometer heads.
e)

Detector: the upconversion emission from the sample cuvette was

collected with an f = 1 cm quartz lens. The collected light was delivered to the detector
via a fiber optic cable. The detector was an Ocean Optics USB 4000-vis/nir spectrometer,
equipped with a 25-µm slit and a 3648 element CCD detector.
f)

Software program: the detector was controlled by Ocean Optical

SpectraSuite software. The integration time of the measurement was varied from 0.5-5
seconds depending on the emission intensities, but all obtained data were calibrated based
on 1 s integration time.
Figure 2.9 shows a diagram of the instrument setup. The laser source, the sample
stage, and the power meter were arranged in a straight line. Before placing the sample
cuvette on the sample stage, the power of the laser was measured and adjusted to the
desired power. To observe the upconversion emission, the shutter located on the laser
source was opened to allow the laser beam to irradiate the sample solution. The emission
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from the sample was collected by the lens and passed to the fiber optics. The lens and the
fiber optics were placed perpendicularly to the laser beam. The emission light was
conducted to the CCD detector by the fiber optics. The detector and the SpectraSuite
software converted the signal into the emission spectra shown on a computer monitor.
In one experiment, the effect of the oxygen (O2) dissolved in sample solutions to
the emission intensity was observed. CH2Cl2 was purged with Ar gas for 20 minutes and
kept under an Ar atmosphere to remove oxygen (O2) normally dissolved in the solvent.
The [Ru(dmb)3]2+ and DPA solutions were dissolved in the deaerated CH2Cl2 and were
mixed together under an argon atmosphere.
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Figure 2.9 Diagram of the alignment of the upconversion instrument showing the sample
cuvette placed between the laser source and the power meter and also
perpendicular to the lens and fiber optics linking to the CCD detector. The
picture on the left bottom corner shows the arrangement of the instrument
where the sample cuvette is located at the center of the picture.
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CHAPTER III
RESULTS AND DISCUSSION

In this chapter, the results and discussion are divided into two categories: the
synthesis and upconversion. The preparation of the ligands and the ruthenium complexes
are discussed, as well as the characterization results. Secondly, the upconversion
experiments are described and the upconversion mechanism is discussed in detail.

3.1

Synthetic results

The upconversion was a result of the energy transfer process between a
photosensitizer and an emitter. The electronic structures of both species directly affect the
upconversion efficiency and the wavelengths at which excitation and emission occurs.
Various ruthenium sensitizers and anthracene emitters were tested to understand the
process. The electronic structures of the ruthenium complexes can be varied by changing
the coordinating ligands. Thus, several bipyridyl derivative ligands were used to prepare
several ruthenium complexes for the upconversion studies.
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3.1.1 Ligand syntheses

In this dissertation, three ligands were synthesized: 4,4'-bis(N,N-diethylamino)2,2'-bipyridine (deab), 2,2'-bipyridine-4,4'-dicarboxylic acid (dcpy), and 4-methyl-4'-(2phenylethyl)-2,2'-bipyridine (MPEbpy). The syntheses of deab and dcpy were
symmetrical disubstitutions of diethylamino (-NEt2) groups for deab and carboxylic acid
(-COOH) groups for dcpy at the 4 and 4' positions of the bipyridine. The preparation
procedures and characterization methods of both compounds are well known. On the
other hand, for MPEbpy, one phenylethyl (Ph-CH2CH2-) group substituted only at the 4
position of the bipyridine. The exact synthesis was found later from Burdinski92 and was
similar to the procedure performed in this dissertation.
The synthesis of deab is performed in five steps (Figure 2.3) as described in the
literature.84-87 Two diethylamino groups were substituted at the 4 and 4' positions of
bipyridine (bpy). In the first step, the two N atoms of bipyridine (bpy) were oxidized
using H2O2 to form N-oxide (N=O) groups, yielding compound I. The evaporation of
acetic acid solvent after reflux was necessary to increase the product yield. The 1H NMR
spectrum of the product shows only peaks corresponding to compound I, so no further
purification was performed.
The second step was nitration at the 4 and 4' positions of compound I. In the
literature, fuming sulfuric acid and fuming nitric acid were used to generate NO2+ which
reacts with I to give a high yield (75%) of compound II.87 The fuming nitric acid
contains 12-24% dissolved N2O4 making the concentration of HNO3 > 90% higher than a
regular concentrated HNO3 (65%). However, in this experiment, fuming sulfuric acid and
concentrated nitric acid were used instead, and the yield of the product was lower
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(31.8%). Furthermore, if concentrated nitric acid and concentrated sulfuric acid were
used, no product was obtained. It indicates that the nitration at the 4 and 4' position
requires vigorous condition.
The third step was the substitution of two chlorine atoms for the nitro groups.
Compound II was refluxed with acetyl chloride in glacial acetic acid. The yield of
compound III was 91% which is higher than the reported yield (77%) in the literature.87
In the fourth step, two chlorine atoms were replaced with two diethylamino
(-NEt2) groups, yielding compound IV. The reaction was performed in a stainless steel
autoclave with Teflon liner at 130°C. It was found that the product obtained from the
reaction contained the Et2NH reactant as detected by 1H NMR. Although the boiling
point of Et2NH is 55.5°C, an attempt to evaporate Et2NH under vacuum for 12 hours did
not remove all Et2NH from the product. However, the remaining Et2NH does not affect
the subsequent reaction, so compound IV contaminated with Et2NH was used in the next
step.
The last step was the removal of the oxide protecting groups of compound IV
using PCl3, a reducing agent, to give deab as product. The structures of the products from
each step were confirmed by melting point measurement, IR, and 1H NMR. The melting
points of all compounds, except compound IV, are same as those in the literature.84-87
The melting point measurement of compound IV was not performed due to the
contamination with Et2NH reactant. All spectroscopic data agree well with those in the
literature.84-87
The synthesis of dcpy from dmb was performed in one step (Figure 2.4) as
reported in the literature.88,89 KMnO4 oxidized two methyl groups on dmb to form
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carboxylic acids (-COOH) with the aid of NaOH as catalyst. The product dcpy was
characterized by IR, 1H NMR, and melting point measurement. Solid dcpy did not melt
or decompose when the temperature was increased to 360°C, which agrees with the value
reported in the literature (>300°C).85 In the IR spectrum, there is a sharp peak at 1709
cm-1 corresponding to the C=O stretch which confirms the presence of carboxylic group
in the dcpy structure. Chemical shifts and peak area ratios in the 1H NMR spectrum of the
deprotonated dcpy synthesized agree with those in the literature.85,88,89
The synthesis method of MPEbpy was modified from the method used to
synthesize

unsymmetrical

4-methyl-4'-perfluoro-1H,1H,2H,2H,3H,3H-undecyl-2,2'-

bipyridine.91 The unsymmetrical addition of phenylmethyl (PhCH2-) at one of two methyl
groups of dmb was done under an argon atmosphere because moisture sensitive reagents
were used. Lithium diisopropylamide (LDA) abstracted a proton from the methyl group,
yielding a carbanion. The carbanion reacted with the benzyl carbon of benzyl bromide to
form MPEbpy.
The product mixture obtained from the reaction contained two compounds, the
dmb reactant and the MPEbpy product. It was difficult to separate MPEbpy from dmb
since both structures are similar. In the publication of Burdinski92, they were unable to
separate the mixture to get the pure MPEbpy using basic alumina column
chromatography. However, in this work, the separation was successfully performed using
silica gel column chromatography with a mixture of 99.5% CHCl3 + 0.5% ethanol as
eluent.
The structure of MPEbpy was characterized by melting point measurement, IR,
1

H NMR, and elemental analysis. The melting point of MPEbpy is 81-83°C, close to the
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melting point (80°C) reported in the literature.92 The hydrogen and nitrogen contents
from elemental analysis are very close (±0.2%) to the calculated values, while the carbon
content is 0.5% less than the calculated value. The 1H NMR spectroscopy results agree
with those reported in the literature.92
Pure MPEbpy was recrystallized by slow evaporation of ethanol solvent at room
temperature. From this recrystallization, single crystals were obtained. The quality of the
crystals was suitable for X-ray crystallography. The crystal structure of MPEbpy is
shown in Figure 2.6, and its crystallographic parameters are listed in Table 2.1. The 4 and
4' positions are in a trans arrangement (geometry) as is common in the structures of other
bipyridines108,109, making the structure more stable by reducing steric interaction between
the functional groups at 4 and 4' positions. The two rings of bipyridine are on the same
plane, but the phenyl group is almost perpendicular to the bipyridine ring. The X-ray
crystallographic data confirms the structure of MPEbpy.

3.1.2 Ruthenium complex syntheses

The source of ruthenium atom was ruthenium(III) chloride hydrate (RuCl3⋅xH2O),
which is sticky, making it difficult to obtain a precise mass. RuCl3⋅xH2O was converted
to the cis-Ru(DMSO)4Cl2 precursor. cis-Ru(DMSO)4Cl2 was easy to weigh precisely and
forms ruthenium complexes with polypyridine ligands. The preparation of cisRu(DMSO)4Cl2 was performed according to the method given by Evans et al.93
Shiny yellow cis-Ru(DMSO)4Cl2 solid decomposes to a black solid at 193°C,
matching the temperature given in the literature (193°C).93 The 1H NMR spectrum shows
a broad single peak at 2.61 ppm for the methyl hydrogens of DMSO coordinated to the
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Ru atom. The peak for the coordinated DMSO is slightly shifted from the peak for free
DMSO which is 2.51 ppm.
Homoleptic ruthenium complexes {[Ru(L)3](PF6)2}: cis-Ru(DMSO)4Cl2 was

used as a starting reagent for the synthesis of homoleptic ruthenium complexes
[Ru(L)3](PF6)2, where L = dmb, bpy, phen, deab, and MPEbpy. The preparation
methodology was based on the synthesis of [Ru(dmb)3](PF6)2 described by Damraurer et
al.94 The synthesis of the other ruthenium complexes was done using the same method.
Excess ligand (3.1 equivalents) was added to the solution of cis-Ru(DMSO)4Cl2 in a
Schlenk flask. The mixture was refluxed for 24 h. An aqueous solution of NH4PF6 was
then added to precipitate the complex as its PF6¯ salt. Recrystallization of the complexes
was performed by slow vapor diffusion of diethyl ether into a CH3CN solution of the
complex yielding small needle-like crystals.
[Ru(dmb)3](PF6)2, [Ru(bpy)3](PF6)2, [Ru(phen)3](PF6)2, and [Ru(deab)3](PF6)2
were synthesized and characterized previously.94-99

1

H NMR, IR, and UV-vis

spectroscopic methods were used to confirm the structures of the complexes. The 1H
NMR peaks are sharp, and their splitting patterns are well defined. The chemical shifts
and peak area ratios from 1H NMR spectra are comparable with the reported results in the
literature.94-99 The UV-vis absorption spectra of [Ru(dmb)3](PF6)2 and [Ru(bpy)3](PF6)2
are similar with the highest absorption in the 440-475 nm range (λmax = 461 and 453 nm
for [Ru(dmb)3](PF6)2 and [Ru(bpy)3](PF6)2, respectively). The highest absorption range
of [Ru(phen)3](PF6)2 is wider with a blue shift (370-475 nm, λmax = 447 nm). The
[Ru(deab)3](PF6)2 spectrum is different from the others. The spectrum is shifted toward
longer wavelength (red shift) with the highest absorption at 450-555 nm (λmax = 522 nm).
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[Ru(MPEbpy)3](PF6)2 was first synthesized as part of this work. MPEbpy is an
unsymmetrical bipyridine ligand, so the structure of the prepared [Ru(MPEbpy)3](PF6)2
can be facial and/or meridional (Figure 3.1).110 The facial isomer is the structure where
all three of the phenylethyl groups are mutually cis. For the mer isomer, two of the
phenylethyl groups are located at trans positions. In addition, the mirror images of both
isomers are nonsuperimposable leading to chiral structures. Each isomer has two different
enantiomers (Figure 3.1).
Although the fac- and mer-[Ru(MPEbpy)3](PF6)2 isomers have different
structures, the data from the 1H NMR spectrum of the synthesized [Ru(MPEbpy)3](PF6)2
cannot determine whether the compound is fac- or mer-[Ru(MPEbpy)3](PF6)2, or a
mixture of both. The proton peaks are broad and the splitting patterns of the peaks are not
well defined.
Another method that may identify the structure of [Ru(MPEbpy)3](PF6)2 is X-ray
crystallography. However, attempts to grow a single crystal were unsuccessful. The
crystallization of [Ru(MPEbpy)3](PF6)2 using slow vapor diffusion of diethyl ether into a
CH3CN solution yielded small needle-like crystals not suitable for X-ray crystallography.
Another attempt using slow evaporation of various solvents at room temperature and at
-20°C did not give a solid. An oily substance was obtained instead.
The UV-vis absorption spectrum of [Ru(MPEbpy)3](PF6)2 in CH2Cl2 at 21°C is
very similar to that of [Ru(dmb)3](PF6)2 under the same conditions. This indicates that the
addition of a phenyl group using an ethyl bridge makes a very small variation to the
electronic structure of the ruthenium center.
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Figure 3.1 An illustration showing two possible [Ru(MPEbpy)3]2+ isomers that are facial
and meridional conformations and their enantiomers.
Heteroleptic ruthenium complexes {[Ru(L)(L')2](PF6)2}: Since one ruthenium

ion can be coordinated with three bidentate ligands, it is not necessary that all three
ligands are the same. By using more than one type of ligand, ruthenium complexes can be
prepared with variable electronic structures and properties.
The syntheses of the heteroleptic ruthenium complexes [Ru(L)(L')2](PF6)2, where
L, L' = dmb, bpy, and phen and L ≠ L', were performed using a similar method as for the
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preparation of the homoleptic ruthenium complexes. The difference is that the addition of
ligands was divided into two steps. First, one equivalent of the L ligand was added to the
cis-Ru(DMSO)4Cl2 solution. The bidentate L ligand substituted two DMSO ligands in the
complex. After that, two equivalents of the L' ligand were added, yielding the
[Ru(L)(L')2]Cl2 complex. The complexes were precipitated by adding aqueous NH4PF6
and recrystallized using the same method described for the [Ru(L)3](PF6)2 syntheses.
The [Ru(L)(L')2](PF6)2 complexes were characterized by 1H NMR, IR, and UVvis spectroscopic methods. The 1H NMR spectra of the complexes consist of peaks that
match the proton chemical shifts of L and L' appearing in corresponding homoleptic
ruthenium complexes. Some peaks are slightly shifted, but by less than 0.05 ppm. The
ratios of the peaks between L' and L is close to 2:1. However, the peaks of
[Ru(L)(L')2](PF6)2 are less well defined than those of [Ru(L)3](PF6)2 because the
chemical shifts of the inequivalent protons from the same ligand are very close resulting
in the peak overlap. For example, [Ru(bpy)(dmb)2](PF6)2 has two types of methyl
hydrogen groups on two dmb ligands. The first group is opposite to the bpy ligand, and
the other is opposite to the other dmb ligand. The difference in the environment of these
two groups shifts a 1H NMR peak from the other. However, due to the similar structures
between dmb and bpy, the shift of the peak is only slight. Thus, the two methyl hydrogen
peaks partially overlap, giving a broader peak. The UV-vis absorption spectra of the
[Ru(L)(L')2](PF6)2 complexes resemble combinations of the absorption of the two
corresponding homoleptic ruthenium complexes. Similarly, the IR spectra of
[Ru(L)(L')2](PF6)2 show characteristic peaks in the 1000-1700 cm-1 region. They include
peaks from the two corresponding homoleptic complexes.
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The synthesis method for [Ru(tpy)2](PF6)2 where tpy is 2,2':6',2''-terpyridine
(IUPAC name: 2,6-bis(2-pyridyl)pyridine) is similar to the [Ru(dmb)3](PF6)2 synthesis,
except that two equivalents of tpy were used because tpy is a tridentate ligand. The
complex was characterized by 1H NMR, IR, and UV-vis spectroscopic methods. The
spectroscopic results agree with those reported in the literature.101,102
The first attempt to prepare cis-Ru(dcpy)2(NCS)2 was to use the cisRu(DMSO)4Cl2 precursor in the same method as for the synthesis of the homoleptic
ruthenium complexes. However, the synthesis failed because of the low solubility of the
dcpy ligand in ethanol solvent. Another attempt was performed using RuCl3⋅xH2O in
DMF as described by Nazeeruddin and Grätzel.105 First, cis-Ru(dcpy)2Cl2 was formed by
adding two equivalents of dcpy. The reaction flask was wrapped with aluminum foil to
protect the product from light that causes the isomerization of the complex from cis to
trans. The cis-Ru(dcpy)2Cl2 yield was 7%, much lower than the yield posted in the
literature (86%).105
For 1H NMR spectroscopic characterization, cis-Ru(dcpy)2Cl2 was dissolved in
D2O with a small amount of NaOD. NaOD deprotonates the dcpy ligand to increase its
solubility in D2O. The 1H NMR spectrum of the cis-Ru(dcpy)2Cl2 product shows six
peaks, which correspond to the hydrogen atoms on the dcpy rings in the cis-isomer. If the
complex is in the trans-conformation, there will be only three hydrogen peaks in the 1H
NMR spectrum.
Next, cis-Ru(dcpy)2Cl2 was allowed to react with excess NaSCN to substitute
SCN- for the chlorides, yielding cis-Ru(dcpy)2(NCS)2. During this process, the reaction
mixture was also protected from light. The 1H NMR spectrum shows six peaks and
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agrees with the data in the literature.105 The UV-vis absorption of the complex is high at
wavelengths less than 550 nm. The UV-vis spectrum agrees with the spectrum depicted
in the literature.

3.2

Upconversion results

3.2.1

The characteristics of the upconversion spectrum

In these studies, a laser beam was passed through the sample cuvette, and the light
emitted from the solution was collected and analyzed with a small diode array detector.
An intense blue emission could be seen by the naked eye. The emission was very intense
in the area around the beam and decreased as the distance from the center of the beam
increased. An example of emission spectrum from the upconversion process is shown in
Figure 3.2. Three areas of the emission spectral region can be defined: higher energy than
incident, incident, and lower energy than incident. Upconversion is observed in the
higher energy region. Scattering of the incident beam is observed as a sharp peak around
the excitation wavelength. In many cases, phosphorescence of the ruthenium complex is
observed in the lower energy region.
Figure 3.2 shows a sample irradiated by a 514 nm argon-ion laser. A scattering
peak of the excitation light appears at 514 nm. Small dust particles in the solution and the
well-known Rayleigh scattering mechanism cause this peak. The Rayleigh scattering is
the elastic emission of absorbed irradiation without losing or gaining energy, so the
photon energy from the Rayleigh emission will equal the excitation energy.4,14 Similarly,
when the excitation source was the red helium-neon laser, the spectra showed a sharp
scattering peak at 632.8 nm, the wavelength of the laser.
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The emission of wavelengths shorter than 514 nm is considered to be the
upconversion emission because the photons in this area have higher energy than the
excitation photon. The upconversion wavelength range is dependent on the emitter in the
solution. For example, in Figure 3.2, DPA is the emitter in the solution and the emitted
upconversion light occurs over the range of 400-513 nm. The highest intensity is at 432
nm (λmax). For some emitters, partial emission from the “upconversion” process occurs at
longer wavelength, such as the emission from 520-550 nm in Figure 3.2. Although these
photons have lower energy, they arise through the same upconversion mechanism. This is
demonstrated by the fact that none of the emission in the range between 400-550 nm,
except the scattering light at 514 nm, could be detected from the solution containing only
either a sensitizer or an emitter.
Lastly, the emission in the long wavelength region of the spectrum is assigned as
the phosphorescence of ruthenium complexes. In Figure 3.2, [Ru(dmb)3]2+ was used as a
sensitizer in the upconversion process and it showed phosphorescence between 550 and
800 nm. The presence of the phosphorescence indicates that the energy transfer process
from 3[Ru(dmb)3]2+* to DPA in the upconversion mechanism did not occur perfectly.
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Figure 3.2 The emission spectrum from the upconversion process for a 2.8 x 10-4 M
[Ru(dmb)3]2+ and 8.75 mM DPA mixture.

3.2.2

The position of the sample cuvette and self absorption

It appears that the positions of the laser beam traversing the sample cuvette
affected the upconversion intensities. In this study, a movable stage was used to relocate
the cuvette position, while the laser source and collection optics position were fixed. As
the cuvette was moved, the location of the laser beam inside the cuvette was also
changed, but the lens remained a fixed distance from the excitation region. The
illustration of the movement is shown in Figure 3.3, where the label a indicates the
distance from the beam to the cuvette wall on the lens side. The stage was moved toward
and away from the fiber optics and the lens. When the stage moved toward the lens, the
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distance a increased, so did the amount of the solution between the beam and the lens.
The solution of 40 mM DPA and 2.80 x 10-4 M [Ru(dmb)3]2+ was used in the test. The
upconversion spectra were recorded at a = 0.1, 1.0, 2.0, and 3.0 mm. When a was less
than 0.1 mm, the laser beam hit the cuvette wall, causing additional incident light
scattering. The distance a = 0.1 mm can be implied as the edge of the solution. The
upconversion spectra at different a distances are shown in Figure 3.4.

Figure 3.3 The position of a sample cuvette on the movable stage.
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Figure 3.4 Effect of the self absorption on the upconversion spectra at various a distances
and the plot of log(intensity) at 432 nm vs. the distance a (inset) for a 2.8 x
10-4 M [Ru(dmb)3]2+ and 40 mM DPA mixture.
Figure 3.4 shows a decrease in detected upconversion intensities as distance a
increased, while the phosphorescence intensities remained unchanged. The explanation
for this situation is self absorption or the inner filter effect caused by the solution itself.12
The upconversion emission was intense around the laser beam, so the emitted photons
have to travel through the solution for a distance a before they reached the lens. During
this passage, some photons were absorbed by the solution, so the upconversion intensity
decreases as a increases. The absorption is confirmed by the UV-vis absorption spectra of
both DPA and [Ru(dmb)3]2+ (Figure 3.5). The absorption of [Ru(dmb)3]2+ is very large in
the 400-500 nm range, whereas DPA absorbs light in the wavelengths lower than 400 nm.
It is clear that [Ru(dmb)3]2+ plays an important role in the self absorption of the
upconversion photons. Therefore, the longer the distance a, the more the upconversion
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photons were absorbed, causing the decrease of the upconversion intensity. In contrast,
neither [Ru(dmb)3]2+ nor DPA absorb light between 550-700 nm where the
phosphorescence of the [Ru(dmb)3]2+ occurs. For this reason, the phosphorescence
intensities did not change with the distance a.

Figure 3.5 UV-vis absorption spectra of 7.0 x 10-5 M DPA and 7.0 x 10-5 M [Ru(dmb)3]2+
in CH2Cl2.
The other ruthenium complexes also showed similar self absorption effects, but
the degrees of the decreasing upconversion intensity were different and depended on the
differing absorption of ruthenium complex used. From this experiment, the position of
the laser beam at the distance a = 0.1 mm (edge) minimized the self absorption effect and
gave the highest upconversion signal. Therefore, all the other tests were performed at the
distance a = 0.1 mm.
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In addition, the mechanism of the self absorption is similar to the mechanism of a
normal absorption, so the Beer-Lambert law can be applied.
(Eq. 3.1)

log
log

log

(Eq. 3.2)

Where A is absorbance, I and I0 are the upconversion intensity at 432 nm with and
without being absorbed, respectively.

is a molar absorptivity of [Ru(dmb)3]2+ at 432

nm, [Ru] is the concentration of [Ru(dmb)3]2+, and a is the pathlength of the absorption
which equals the distance a in cm (Figure 3.3). The plot between log(I) and the
pathlength a will give the

as a slope and log

as an intercept. From the graph

in Figure 3.4 (inset), the slope is -3.7785. The [Ru(dmb)3]2+ concentration used was 2.8 x
10-4 M, so

equals to 13494 M-1cm-1, which is slightly higher than the

of pure

[Ru(dmb)3]2+ (11971 M-1cm-1) measured by UV-vis spectroscopy. This higher molar
absorption is probably due to additional absorption by DPA. Although
very low, the solution contained a high concentration of DPA (40.0 mM).
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for DPA is

3.2.3

The effect of dissolved oxygen in the solution

The saturated O2 concentration of CH2Cl2 exposed to air at 1 atm pressure is
approximately 10-3 M.79,80,111 It is well known that singlet and triplet excited species can
be quenched by oxygen (O2) dissolved in a solution.4,8,12 In the upconversion process, the
excited species are 3[DPA]*, 1[DPA]*, and 3[Ru(L)3]2+*. According to the spin selection
rule for collisional energy transfer,12 the possible reactions between the excited species
and O2 are listed in Equation 3.3-3.5.
3

[Ru(L)3]2+* +
3
1

DPA*

3

[Ru(L)3]2+ + 1O2

(Eq. 3.3)

O2

DPA + 1O2

(Eq. 3.4)

O2

3

O2

+

3

DPA* +

3

DPA* + 1O2

DPA + 3O2 + heat

or

(Eq. 3.5)

In this experiment, the effect of O2 in the solution was studied. Oxygen was
removed from CH2Cl2 solvent by purging argon through the solvent for 30 minutes. The
deoxygenated solvent was used to prepare a 2.8 x 10-4 M [Ru(dmb)3]2+ solution and this
stock solution was used to prepare two test solutions, 40 mM and 8.75 mM DPA (high
and low concentrations). These deaerated solutions were prepared and stored under an
argon atmosphere. The recorded upconversion spectra of the aerated and deaerated
samples are presented in Figure 3.6.
When oxygen was removed from the CH2Cl2 solvent, the upconversion intensity
(Iu) at 432 nm increased. For the high DPA concentration shown in Figure 3.6(a), Iu
increased from 38.7 a.u. in the aerated solution to 41.8 a.u. in the deaerated solution (8%
increase), whereas for low DPA concentration (Figure 3.6 (b)), Iu increased from 24.6
a.u. to 31.5 a.u. upon deaeration (22% increase). Surprisingly, the phosphorescence
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intensities (Ip) in the aerated and deaerated solvents did not change for either
concentration. This indicates that O2 quenches 3[DPA]* and/or 1[DPA]* much more
effectively than 3[Ru(dmb)3]2+*. Additionally, the decrease of Iu by O2 is greater in the
low DPA concentration sample than in the high DPA concentration sample. The reason is
that the numbers of quenched species by O2 in both solutions were constant due to the
same O2 content, so the ratio of the non-quenched and quenched species is higher in the
high DPA concentration than in the low DPA concentration.
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Figure 3.6 The upconversion spectra of the deaerated and aerated samples (a) at 40 mM
DPA concentration (high) and (b) at 8.75 mM DPA concentration (low) with
2.8 x 10-4 M [Ru(dmb)3]2+ in CH2Cl2 solvent.
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3.2.4

The effect of laser power

The number of excited ruthenium complexes in a solution is proportional to the
number of excitation photons which can be measured in term of laser power. A variablepower 514-nm green argon-ion laser was used in this study. Figure 3.7 (a) shows the
upconversion spectra of a sample solution irradiated with 3, 6, 12, 15, and 18 mW laser
powers. The sample consisted of 6.25 mM DPA and 2.8 x 10-4 M [Ru(dmb)3]2+ in
CH2Cl2.
As expected, the intensities of both upconversion (Iu) and phosphorescence (Ip)
increased as laser power increased. However, the different dependence of these emissions
can be seen clearly when Iu and Ip are plotted against the laser power in Figure 3.7 (b). Iu
shows a quadratic dependence to the laser power, whereas Ip versus the power is a linear.
These results are similar to those of Castellano.29-31,40, but do not agree with the exact
square dependence they reported.
The linear relationship of Ip versus laser power is rational because one
phosphorescence photon is emitted from one 3[Ru(dmb)3]2+* and it is produced by the
absorption of one excitation photon (Eq. 3.6-3.7). Therefore, Ip can be simply given as a
first order to the laser power (Eq. 3.8):
[Ru(dmb)3]2+ + I0
3

3

[Ru(dmb)3]2+*

[Ru(dmb)3]2+*

[Ru(dmb)3]2+ + Ip

(Eq. 3.6)
(Eq. 3.7)
(Eq. 3.8)

where I0 is the intensity of excitation radiation which is proportional to the laser power.
In contrast, to generate one 1[DPA]* for the upconversion emission, two
3

[Ru(dmb)3]2+* are required (Eq. 3.9- 3.11).
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3

[Ru(dmb)3]2+* + DPA
3

DPA* +
1

3

[Ru(dmb)3]2+ + 3DPA*

DPA*

DPA*

(Eq. 3.9)

DPA + 1DPA*

(Eq. 3.10)

DPA + Iu

(Eq. 3.11)

One upconversion photon is generated by using two excitation photons, so that a square
dependence upon the laser power is expected:
(Eq. 3.12)
If an exact second order dependence is occurring, a plot of log(Iu) vs. log(laser power)
should give a slope of 2 from Eq. 3.13.

log

log

(Eq. 3.13)

A log-log plot of the data in Figure 3.7(b) is shown as in inset in the same figure. The
slope from the graph is 1.47, deviating from the simple square dependence of Equation
3.13. It indicates that the upconversion mechanism is more complicated and a detailed
mechanism will be proposed at the end of this chapter.
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Figure 3.7 The upconversion spectra at various laser powers (a), the plot of Iu and Ip vs.
the laser power (b), and the plot of log(Iu) vs. log(laser power) (inset) for a
2.8 x 10-4 M [Ru(dmb)3]2+ and 6.25 mM DPA mixture.
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3.2.5

The effect of homoleptic vs. heteroleptic ruthenium bipyridine complexes

Ruthenium complexes have been used as an effective photosensitizer due to high
absorption in the visible region and their ability to efficiently transfer energy to DPA.
The molar absorptivity and electronic properties of the ruthenium complexes are strongly
dependent upon the coordinating ligands. In this study, three ligands, dmb, bpy, and
phen, were used to form three homoleptic ([Ru(L)3]2+) and six heteroleptic
([Ru(L)(L')2]2+, L ≠ L') ruthenium complexes. The influence of the different types of
complexes to the upconversion process was examined.
The upconversion samples were composed of 2.8 x 10-4 M ruthenium complex
and 40 mM DPA. Only the ruthenium complex was changed, while the other factors,
such as laser power and concentrations were kept constant. It appeared that all
homoleptics and heteroleptics can perform upconversion; however, the intensities (Iu)
were different. The upconversion spectra in a 400-510 nm range are shown in Figure 3.8.
The Iu data at λmax (432 nm) are summarized in Table 3.1.
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Figure 3.8 Upconversion spectra for the three homoleptic [Ru(L)3]2+ and the six
heteroleptic ruthenium photosensitizers [Ru(L)(L')2]2+ for a 2.8 x 10-4 M
ruthenium complex and 40 mM DPA mixture irradiated with a 12 mW
argon-ion laser.
The spectral envelopes shown in Figure 3.8 are all very similar. They were
produced by different ruthenium complexes with different upconversion efficiencies and
this confirms that the upconversion emission originates from a common source (singlet
excited DPA (1DPA*) in Eq. 3.11), not from the emission of the ruthenium complexes.
On the contrary, the wavelength ranges and intensities of phosphorescence (not shown
here) are different because they are emitted directly from the different ruthenium
complexes, which have different electronic structures (Eq. 3.7).
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Table 3.1 Relative intensities of upconversion emission (Iu) at 432 nm (λmax) for 2.8 x 10-4
M homoleptic and heteroleptic ruthenium complexes and 40 mM DPA
mixtures and their molar absorptivities (ε) at 514 nm.
ε514 nm
Ru complex

Iu (a.u.)
[M-1cm-1]

Relative

Relative

Relative

x 10-3

x 10-3

x 10-3

[Ru(dmb)3]2+

44.4

2000

3.33

3.33

-

[Ru(bpy)3]2+

17.3

1357

3.06

3.06

-

[Ru(phen)3]2+

20.6

1286

3.52

3.52

-

[Ru(bpy)(dmb)2] 2+

8.77

1643

1.80

3.06

1.17

[Ru(bpy)2(dmb)] 2+

11.4

1457

2.32

3.33

1.82

[Ru(bpy)(phen)2] 2+

9.52

1300

2.37

3.06

2.03

[Ru(bpy)2(phen)] 2+

9.10

1300

2.32

3.52

1.72

[Ru(dmb)(phen)2] 2+

11.5

1543

2.20

3.33

1.64

[Ru(dmb)2(phen)] 2+

1.77

1729

0.77

3.52

-

In Table 3.1, it is interesting that the samples containing the homoleptics
generated higher Iu than the heteroleptic samples. Among the [Ru(L)3]2+complexes,
[Ru(dmb)3]2+ showed highest upconversion intensity, followed by [Ru(phen)3]2+ and
[Ru(bpy)3]2+. However, one cannot simply conclude that [Ru(dmb)3]2+ is more efficient
than the other two homoleptic complexes because two important factors must be
considered when comparing different sensitizers: molar absorptivity
transfer efficiency (

.

light (the 514 nm laser output).

and energy

indicates the ability of the complex to absorb excitation
is a measure of the energy transfer efficiency between
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the complex and DPA in the quenching process (Eq. 3.9). To compare the efficiency of
the complexes, the absorption of the incident light must be normalized.

cannot be

determined directly in this experiment, but ε514 of the complexes were measured from
their UV-vis absorption spectra and are listed in Table 3.1. In this experiment, all factors
other than the identity of the ruthenium complex were held constant, so the relative size
of

depends only on

and

molecules of the ruthenium complex,
(

) and (

. Since the upconversion process involves two
is expected to depend upon the second orders of

) as shown in Eq. 3.14. Furthermore, to normalize the effect of

, Eq.

3.14 is rewritten giving Eq. 3.15, and the calculated results are posted in the fourth
column of Table 3.1.
(Eq. 3.14)
(Eq. 3.15)
The relative energy transfer efficiencies (

) in Table 3.1 of all three homoleptic

[Ru(L)3]2+ complexes are similar and higher than those of all heteroleptic [Ru(L)(L')2]2+.
The higher upconversion intensity for [Ru(dmb)3]2+ compared to [Ru(phen)3]2+ and
[Ru(bpy)3]2+ occurs because [Ru(dmb)3]2+absorbed more excitation photons. If all three
complexes can equally absorb excitation light at the same wavelength, the upconversion
intensities from all three complexes would be similar.
It is interesting that the energy transfer efficiencies of [Ru(L)(L')2]2+, except
[Ru(dmb)2(phen)]2+, are ≈ 2/3 of those of [Ru(L)3]2+. The difference of the electronic
structures between heteroleptics and homoleptics might be the key for the answer of the
low efficiency in the heteroleptics. However, it appears that the energy levels and
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lifetimes of the triplet excited heteroleptics are in between those of the two analogous
homoleptics.95,112 For example, [Ru(bpy)3]2+, [Ru(bpy)2(dmb)]2+, [Ru(bpy)(dmb)2]2+,
[Ru(dmb)3]2+ have λmax of phosphorescence at 608, 611, 614, and 614 nm, respectively.95
It seems unlikely that the triplet energy levels or the triplet lifetimes are responsible for
the low energy transfer efficiencies in the heteroleptics.
Another possible explanation is the difference in the symmetries of the
homoleptic and heteroleptic complexes affecting the energy transfer efficiency. It is well
established that the 3MLCT states for [Ru(phen)3]2+ and [Ru(bpy)3]2+ are best described
as having localized charge distributions [RuIII(L )(L)2]2+ with C2 symmetry rather than a
delocalized D3 form, [RuIII(L⅓ )3]2+;55,61,113 a similar localized structure can be assumed
for [Ru(dmb)3]2+. These localized structures produce large dipoles in the 3MLCT states
and allow efficient energy transfer to DPA. Given the similarities in the structures of
dmb, bpy, and phen, it is perhaps not surprising that they have similar energy-transfer
efficiencies (

) to DPA.

The heteroleptics are more complex. Two localized 3MLCT transfer states are
possible

for

each

of

the

heteroleptics

studies

here:

[RuIII(L )(L')2]2+

and

[RuIII(L' )(L')(L)]2+. The photosensitizers tumble in solution and the exciting laser field
should induce a 1:2 statistical distribution of these 3MLCT species. Both excited
structures will have large dipole moments and could be expected to have similar
values. However, collisional transfer efficiencies depend upon the point group
symmetries of the interacting states and the different symmetries for these heteroleptic
excited states (C2 and C1) may explain the lower photosensitizer efficiency for the
heteroleptics.
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The relative energy transfer efficiencies of the heteroleptics can be estimated
using:
1
3

where

and

(Eq. 3.16)

2

are transfer efficiencies for the [RuIII(L )(L')2]2+

[RuIII(L' )(L')(L)]2+ structures, respectively. If
appropriate homoleptic, then

is assumed to equal

and

for the

can be calculated using:
1
3
2

(Eq. 3.17)

values calculated with Eq. 3.17 are listed in the final column of Table 3.1. The
anomalous [Ru(dmb)2(phen)]2+ photosensitizer generates a physically unrealistic negative
value and is excluded from the table. Each of the reported

values is similar and

their mean equals 1.68±0.5 a.u. This simple analysis indicates that the lower symmetry
3

MLCT excited is ~50% less effective as a transfer agent.
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3.2.6

The effect of ruthenium complex concentration

An effective method of increasing upconversion is to increase the number of
3

[Ru(L)3]2+* available for upconversion. In this study, the concentrations of the three

homoleptic ruthenium complex [Ru(dmb)3]2+, [Ru(phen)3]2+, and [Ru(bpy)3]2+ were
prepared with 1.4 x 10-4, 2.1 x 10-4, 2.8 x 10-4, and 3.2 x 10-4 M concentrations, while the
concentration of DPA was held constant at 21 mM. The laser power was 18 mW.
As predicted, when the concentrations of the ruthenium complexes increased, Iu
and Ip also increased. For example, Figure 3.9 shows the upconversion spectra of
[Ru(dmb)3]2+ at different concentrations. The spectra of the other two complexes behave
similary. The λmax of upconversion emission from all three complexes are at 432 nm,
while the λmax of phosphorescence are different and dependent on the complexes: 614 nm
for [Ru(dmb)3]2+, 608 nm for [Ru(bpy)3]2+, and 573 nm for [Ru(phen)3]2+.
The relationships between both emission intensities (Iu and Ip) and the complex
concentrations are shown in Figure 3.10 (a) and (b), respectively. Both intensities
increase as the ruthenium concentrations increase. From the mechanism, Ip should have a
linear relationship to the concentration of the complexes, and Iu could have a higher order
dependence upon the ruthenium concentration. Unlike the laser power, it is inconclusive
whether graph (a) and (b) are linear or quadratic. The data can be fit to both linear and
quadratic equations with good R2 values. It requires a wider range of the ruthenium
concentration to distinguish between the linear and quadratic relationships, but there are
practical problems (which preclude measurements over a wider concentration range).
When the ruthenium complex is present at a concentration higher than 3.2 x 10-4 M, it
precipitated as soon as it was mixed with the DPA solution. Furthermore, when the
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concentration was lower than 1.4 x 10-4 M, the emission intensity was too weak to
provide reliable data. A more efficient detector would be needed to measure these weaker
signals. It is true that the number of the absorbed excitation photons increases with an
increase in the photosensitizer concentration, but there are other factors that might affect
emission intensities.

Figure 3.9 The upconversion spectra of the samples containing different [Ru(dmb)3]2+
concentrations mixed with 21 mM DPA irradiated with a 18 mW argon-ion
laser.
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Figure 3.10 Graphs showing the change of (a) upconversion (Iu) and (b) phosphorescence
(Ip) intensities with different [Ru(L)3]2+ concentrations (21 mM DPA and 18
mW laser power). Lines are added to aid identification of the data points.
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3.2.7

The effect of various ruthenium complexes

In general, the Ru photosensitizer properties can be adjusted by modifying
coordinating ligands. In this research, four ruthenium complexes, [Ru(deab)3]2+,
[Ru(tpy)2]2+, [Ru(MPEbpy)3]2+, and [Ru(dcpy)2(NCS)2], were prepared and tested as
photosensitizers in the upconversion experiments. The details of each complex will be
discussed separately.
i)

[Ru(deab)3]2+: The upconversion intensity has a higher order dependence

on the number of the absorbed excitation photons, so if the ruthenium complex sensitizer
can absorb more excitation photons, the upconversion emission will become more
intense. With this idea, [Ru(deab)3]2+was chosen due to its high molar absorptivity at 514
nm. The ε514 of [Ru(deab)3]2+ is 1.016 x 105 M-1cm-1 which is about 5 times higher than
that of [Ru(dmb)3]2+. In this study, the upconversion of [Ru(deab)3]2+ was tested and
compared with the [Ru(dmb)3]2+ results.
Before performing the test, the instrumental setup needed to be readjusted because
with the previous setup in Figure 3.3, the detector was unable to detect the upconversion
emission from solutions containing [Ru(deab)3]2+, although the upconversion light could
be seen by the naked eye. For convenience, the cuvette side where the laser beam entered
is assigned as the front, and the cuvette side close to the power meter is called the back
(Figure 3.11). The blue upconversion light from the [Ru(dmb)3]2+ could be seen from the
front through the back of the cuvette along with the laser beam (Figure 3.11 a), while the
blue light from the [Ru(deab)3]2+ sample was very bright only at the front area (Figure
3.11 b). The difference occurred because of very high ε514 of [Ru(deab)3]2+. Most laser
photons were absorbed by [Ru(deab)3]2+ near their entrance to the cuvette, so the laser
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intensity at the center of the cuvette was extremely low. As a result, the emission
intensity was zero in the region imaged by the lens onto the fiber optics. To solve the
problem, the cell was moved so that the optics imaged the front of the cuvette where the
blue light was detectable (Figure 3.11 c).

Figure 3.11 Diagram showing the laser beam traversing and blue light emission in
cuvettes containing (a) [Ru(dmb)3]2+ and (b) [Ru(deab)3]2+ and (c) top view
of the rearranged instrumental setup for this study.
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[Ru(deab)3]2+ and [Ru(dmb)3]2+ samples were prepared with the following
concentrations: 2.8 x 10-4 M complex and 21 mM DPA. These samples were irradiated
with an 18 mW argon-ion laser beam. The recorded spectra are shown in Figure 3.12.
Even though [Ru(deab)3]2+ absorbed the excitation photons more strongly than
[Ru(dmb)3]2+ did, the upconversion intensity at 432 nm of [Ru(deab)3]2+ was 4.5 times
lower than that of [Ru(dmb)3]2+; conversely, the phosphorescence from [Ru(deab)3]2+ was
more intense than that from [Ru(dmb)3]2+. Clearly, the reason for the low upconversion
light in [Ru(deab)3]2+ is that instead of efficiently transferring energy to DPA,
3

[Ru(deab)3]2+* released much of its energy as phosphorescence. The triplet excited DPA

emits over the 692-699 nm range62,63, and the triplet energies of the ruthenium complexes
can be obtained from their phosphorescence ranges. From the spectrum of [Ru(deab)3]2+,
half of the triplet energy levels are lower than the triplet energy of DPA, so the energy
transfer did not occur effectively. On the other hand, most triplet energy levels of
[Ru(dmb)3]2+ have high enough energy to transfer to DPA. From this study, to select a
photosensitizer for the upconversion process, one must consider the absorption of
excitation light and also the relative energy of the triplet energy levels of the complex and
the emitter.
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Figure 3.12 The upconversion spectra of [Ru(deab)3]2+ and [Ru(dmb)3]2+ samples,
containing 2.8 x 10-4 M ruthenium complex and 21 mM DPA, measured at
the front of the cuvette with 18 mW laser power.
ii)

[Ru(tpy)2]2+: This complex has two tpy ligands which coordinate

perpendicularly to each other. Tpy is a tridentate ligand composed of three pyridine rings
(Figure 2.1). Usually modifications of tpy are made at the 4' carbon position of the center
ring. When forming a complex, these additional groups on both ligands will be on the
opposite sides of the complex. Tpy is a useful ligand for designing one-dimensionally
extended complexes. Thus, it is interesting to try [Ru(tpy)2]2+ as an upconversion
photosensitizer. If the complex can be used, it will open a new class of ruthenium
photosensitizers.
A sample was prepared with 2.8 x 10-4 M [Ru(tpy)2]2+ and 21 mM DPA. The
spectrum recorded with the detector is shown in Figure 3.13. Surprisingly, only the
96

scattering light of the excitation laser appears on the spectrum. There was no
upconversion and no phosphorescence detected. It is obvious that [Ru(tpy)2]2+ cannot be
used for the upconversion process. It appears that the very short lifetime of 3[Ru(tpy)2]2+*
prevents upconversion. At room temperature, the 3[Ru(tpy)2]2+* lifetime is only 250 ps,
which is 2500 times shorter than the 3[Ru(bpy)3]2+* lifetime (620 ns).114,115 The
explanation for the short lifetime of the triplet excited species is that 3[Ru(tpy)2]2+* is a
metal-centered triplet state, rather than a metal-to-ligand charge transfer state. The metalcentered 3[Ru(tpy)2]2+* usually prefers to release its energy as non-radiative relaxation, so
even its phosphorescence is not detected.114-116 The lifetime of 3[Ru(tpy)2]2+* is so short
that the triplet complex loses its energy before it can diffuse and transfer its energy to
DPA. Although [Ru(tpy)2]2+ cannot be used as an upconversion photosensitizer, the
complex might function in a solid phase upconversion or at low temperature since in
solid state or at low temperature, the lifetime of 3[Ru(tpy)2]2+* may be prolonged.101,117
Furthermore, it has been reported the addition of a functional group to tpy can lengthen
the lifetime of the complexes as well.117,118
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Figure 3.13 The spectrum from a solution composed of 2.8 x 10-4 M [Ru(tpy)2]2+ and 21
mM DPA irradiated with an 18 mW argon-ion laser.
iii)

[Ru(MPEbpy)3]2+: This complex was prepared with unsymmetrical

MPEbpy ligands (Figure 2.1). The symmetries of the complex are C3 and C1 for fac- and
mer-isomers, respectively. This complex was prepared to study whether linking groups
could be added to bipyridine ligands without significantly degrading upconversion
efficiency. This ruthenium complex contains three bipyridine ligands and the addition of
functional groups on both rings of bipyridine at the 4 and 4' positions would add six
functional groups to a homoleptic ruthenium complex. Adding too many functional
groups might reduce the solubility of the complex.
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In [Ru(MPEbpy)3]2+, a 2-phenylethyl group was added to only one of the two
pyridine rings of bpy at the 4' position, so only three of the functional groups were added
to the complex. This was expected to minimize problems with [Ru(MPEbpy)3]2+
solubility. In addition, an ethyl bridge (–CH2–CH2–) linked the phenyl group and the
bipyridine ring. The bridge lengthens the distance between the phenyl and the bipyridine
ring to reduce steric effects. The ethyl group is a saturated hydrocarbon, so it prevents
delocalization of electrons from the phenyl ring to the bipyridine that might alter the
electronic structure of the ruthenium bipyridine complex.
The upconversion emission of [Ru(MPEbpy)3]2+ was tested and compared with a
[Ru(dmb)3]2+ solution under the same conditions. Both samples had 2.80 x 10-4 M
complex and 21 mM DPA concentrations. The emission spectra of both solutions are
compared in Figure 3.14. The molar absorptivities at 514 nm of [Ru(MPEbpy)3]2+ and
[Ru(MPEbpy)3]2+ are similar, 2186 and 2000 M-1cm-1, respectively. Furthermore the
phosphorescence emissions of both complexes in Figure 3.14 are almost identical. These
results indicate that the addition of 2-phenylethyl groups on the ligand does not
significantly change the electronic structure of the complex due to an alkyl linker.26
However, the upconversion intensity of [Ru(MPEbpy)3]2+ is only half of that of
[Ru(dmb)3]2+. Unlike [Ru(tpy)2]2+, the lifetime of [Ru(MPEbpy)3]2+ should not be short.
In fact, the lifetimes of several complexes were prolonged after adding extended groups
on bipyridine ligands.26,119,120 Unfortunately, this complex is first synthesized in this
dissertation, so there is no available information about the complex lifetime or other
kinetic parameters to help the analysis of the upconversion efficiency.
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Figure 3.14 The upconversion spectrum of 2.80 x 10-4 M [Ru(MPEbpy)3]2+ and 21 mM
DPA (an 18 mW laser power), compared with [Ru(dmb)3]2+ under the same
condition.
iv)

cis-[Ru(dcpy)2(NCS)2]: Besides adding functional groups to bipyridine

ligands, the electronic properties of ruthenium complex can be tuned by replacing
bipyridines with other types of ligands, such as halogens and inorganic anions.
[Ru(dcpy)2(NCS)2] is well known to be an effective dye for capturing light in
photovoltaic cell applications.103,104,107,121 Its structure is different from the other
[Ru(L)3]2+ and [Ru(L)(L')2]2+ complexes discussed in this dissertation. One bipyridine
ligand is replaced by two –NCS groups forming a cis conformation with C2 symmetry.
The addition of the –NCS ligands extends the absorption of the complex to longer
wavelengths (Figure 3.15). [Ru(dcpy)2(NCS)2] has

= 3361 M-1cm-1, which is higher

than the other ruthenium complex but not as high as [Ru(deab)3]2+. An important question
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is if the complex with –NCS groups can be used as a sensitizer in the upconversion
process.

Figure 3.15 UV-vis absorption spectra of 7.0 x 10-5 M cis-[Ru(dcpy)2(NCS)2] in DMF
and 7.0 x 10-5 M [Ru(dmb)3]2+ in CH2Cl2.
Due to its low solubility in CH2Cl2, [Ru(dcpy)2(NCS)2] was disolved in DMF. A
solution of the complex (2.8 x 10-4 M) and DPA (15 mM) was prepared. Like the
upconversion test of [Ru(deab)3]2+, the cell was arranged so that the lens and the fiber
optics imaged the front of the cuvette where the laser beam entered (Figure 3.11 c)
because of the high absorption at 514 nm. The laser power was increased to 18 mW.
In the emission spectrum of the cis-[Ru(dcpy)2(NCS)2] sample, however, only
two emissions were found (red line in Figure 3.16). An intense broad peak at 514 nm
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(laser scattering) and very weak emission between 725 and 900 nm (cis[Ru(dcpy)2(NCS)2] phosphorescence). No upconversion emission was detected.
Obviously, the sample of cis-[Ru(dcpy)2(NCS)2] and DPA in DMF cannot perform the
upconversion process. It is important to note that unlike the previous upconversion
samples, not only the ruthenium complex but also the solvent was changed and might be
responsible for the upconversion failure.

Figure 3.16 The emission spectra of cis-[Ru(dcpy)2(NCS)2] (red) and [Ru(dmb)3]2+ (blue)
in DMF (2.8 x 10-4 M ruthenium complex + 15 mM DPA, 18 mW laser
power).
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DMF as a solvent has been reported to lower bimolecular quenching rates
between two chromophores, compared with the same compounds in a much less polar
solvent such as tetrahydrofuran (THF).122 The bimolecular quenching processes either
between 3[Ru]* and DPA (Eq. 3.9) or between 3DPA* and 3DPA* (Eq. 3.10) are essential
steps in the upconversion. Thus, the use of DMF might cause upconversion failure. To
explore this, a sample containing [Ru(dmb)3]2+ and DPA was prepared with DMF as
solvent. The emission spectrum of the [Ru(dmb)3]2+ sample is shown in Figure 3.16 (blue
line). The [Ru(dmb)3]2+ sample in DMF still emitted a strong upconversion light, and
therefore, the use of DMF as a solvent is not the major cause of the absence of
upconversion emission. It is worth noting that the upconversion intensity from the
[Ru(dmb)3]2+ sample in DMF is about a half of the intensity from the same sample in
CH2Cl2. It suggests that the polarity and the viscosity of DMF does reduce the quenching
rate.122,123 This idea is supported by the experimental result that the phosphorescence
intensity from the sample in DMF is higher than that in CH2Cl2 because more
3

[Ru(dmb)3]2+* remained unquenched in the DMF solution resulting in more

phosphorescence.
If the problem does not come from DMF, cis-[Ru(dcpy)2(NCS)2] itself should be
the cause. A computational study revealed that the lowest-energy metal-to-ligand charge
transfer transition in this complex involves an electron transferring from Ru or –NCS to
the dcpy ligands.121 It is possible that the 20-50 ns lifetime of cis-[Ru(dcpy)2(NCS)2] in
polar solvents104,106,124 is too short for efficient energy transfer. This lifetime is
significantly shorter than those for [Ru(dmb)3]2+, [Ru(phen)3]2+, and [Ru(bpy)3]2+ (all
about 900 ns).125-127 The lifetime of cis-[Ru(dcpy)2(NCS)2] is longer than that of
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[Ru(tpy)2]2+, which may explain the slight phosphorescence detected in the 720-820 nm
range (Figure 3.16). However, the number of triplets generated appears to be too low to
allow upconversion to occur.

3.2.8 Red to blue upconversion

Many more applications of the upconversion process can be envisioned if the
excitation and emission wavelengths can be varied. For the emission, the range of
upconverted light can be adjusted by changing emitters. On the other hand, the excitation
wavelength can be tuned by selecting a light source that provides enough photons at the
desired wavelength together with choosing a photosensitizer that can absorb such
photons. In this study, [Ru(deab)3]2+ is particularly interesting because its absorption is
shifted toward longer wavelengths into the red region. This complex will absorb light
from a 632.8 nm helium-neon laser. It is interesting to try to upconvert light from red to
blue using [Ru(deab)3]2+ as a photosensitizer.
The instrument setup was similar to the other test Figure 3.11, but the argon-ion
laser was replaced with the 632.8 nm helium-neon laser. The power of the laser is
constant at 10 mW. The concentrations of [Ru(deab)3]2+ and DPA were 2.1 x 10-4 M and
60 mM, respectively. Initial tests were unsuccessful: no upconversion or phosphorrescence was observed by the detector or by eye. From UV-vis spectroscopy, the molar
absorptivity of [Ru(deab)3]2+ at 632.8 nm is 571 M-1cm-1 (about 4 times lower
absorptivity than [Ru(dmb)3]2+ at 514 nm). Thus, the low absorption in [Ru(deab)3]2+
might explain the lack of upconversion and phosphorescence.
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Higher laser power should compensate for the low absorption; however, the red
laser used in this study cannot be increased, so another approach was adopted. The laser
was focused into the cell to increase the excitation photon density. A short focal length
lens (f = 5 cm) was placed between the red laser source and the cuvette. The red laser
beam inside the cuvette became smaller, but more intense. As a result of the adjustment,
blue upconverted light could be detected. For comparison, the same sample was excited
with the green laser at the same power without the focusing lens. The results are shown in
Figure 3.17. Interestingly, the upconversion and phosphorescence spectra of both samples
are almost exactly alike. Only the scattering from the lasers are different. Iu and Ip from
the red laser are 2.3 and 1.3 times less than those from the green laser, respectively. This
suggests that red photons were preferentially converted to phosphorescence rather than to
upconverted photons. This may occur because smaller sample volumes are illuminated,
generating fewer triplet states. Phosphorescence is directly proportional to triplet
concentration whereas upconversion has a higher-order dependence and is thus more
sensitive to the lower numbers of triplets.
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Figure 3.17 The emission spectra of 2.1 x 10-4 M [Ru(deab)3]2+ and 60 mM DPA
irradiated with the 632.8 nm helium-neon laser (red) and the 514 nm argonion laser (green).

3.2.9 The effect of emitters

From the proposed mechanism, the upconverted light is emitted from a singlet
excited emitter, so the gross features of the upconversion spectrum should match the
fluorescence spectrum of the same emitter. The wavelength range of the upconversion
emission is determined by the electronic structure of an emitter. It is very interesting to
try other anthracene derivatives as emitters. In this study, anthracene (An), DPA, 9,10dibromoanthracene (Br2An), anthracene-9-carbaldehyde (DcAn), anthracene-9,10dicarbaldehyde

(Dc2An),

α-methyl-9-anthracenemethanol

(MMAn),

and

9,10-

bis(phenylethynyl)-anthracene (BPEA) (Figure 2.2) were used as emitters. The sample
solutions were 8.75 mM in emitter and 2.8 x 10-4 M in [Ru(dmb)3]2+. Some anthracene
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compounds emitted very weak upconversion intensity, so the laser power was set at 18
mW to increase the emission intensity.
It appeared that the solutions of DcAn, Dc2An, and Br2An did not upconvert 514
nm light, and only the phosphorescence of [Ru(dmb)3]2+ could be detected. In addition,
the Ip of [Ru(dmb)3]2+ were decreased in these sample, compared with the Ip from the
pure [Ru(dmb)3]2+ solution. It suggests that these three compounds can quench a triplet
ruthenium complex, but they cannot emit an upconversion photon. It is well known that
the effect of bromine atoms located on molecular structures increases the intersystem
crossing yield (φisc(S1 Æ T1)).13 In this case, the intersystem crossing yield of Br2An is
0.90, much greater than that of DPA (φisc =0.008).63,128 If 1Br2An* was generated by TTA,
it is likely that 1Br2An* was rapidly converted back to 3Br2An* via intersystem crossing
before it could emit an upconverted photon. For DcAn, on the other hand, it is unlikely
that intersystem crossing causes the absence of the upconversion emission. The lifetime
of the 3DcAn* generated from the quenching process is only 1.7 ns at 77 K.129 In this
experiment the process was carried out at room temperature, so the 3DcAn* lifetime will
be even shorter.13,14,54 Compared with the lifetime of 3DPA* which is about 1-5 ms,63,69
the 3DcAn* does not live long enough to allow diffusion and subsequent collision with
another 3DcAn* for TTA. As a result, little or no 1DcAn* was generated, limiting the
production of upconversion photons. Unfortunately, there is no lifetime data for Dc2An to
help this discussion.
In contrast, An, MMAn, DPA, and BPEA showed upconversion spectra; each
emits upconversion photons at different wavelengths and with different intensities. The
upconversion spectra of the four emitters are shown in Figure 3.18. It is important to note
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that the intensity of the BPEA spectrum in Figure 3.18 reduced by a factor of two. The
emission ranges of these emitters correspond with their own fluorescence ranges,
confirming that the emission came from the singlet excited emitters. BPEA shows highest
Iu (approximately twice that of DPA). The intensities from MMAn and An are 10 and 20
times lower than that of DPA, respectively. The lowest triplet energies of An, DPA, and
BPEA correspond to wavelength ranges of 671-681 nm,54,130 692-699 nm,62,63 and 712898 nm,131,132 respectively, while the wavelength corresponding to the triplet energy of
[Ru(dmb)3]2+ is 550-800 nm. The triplet energy of BPEA is lowest, followed by DPA and
An, so that energy transfer from the complex to BPEA will be more efficient than the
other two. In addition, the intersystem crossing (S1 Æ T1) is a factor that determines the
upconversion intensity. For example, the intersystem crossing yields of DPA and An are
0.008 and 0.72, respectively, so 1DPA* persists long enough to emit an upconverted
photon, while 1An* has a high probability of conversion to 3An* with subsequent
radiationless decay. Unfortunately, neither the lifetime nor the intersystem crossing yield
of MMAn is available.
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Figure 3.18 The upconversion spectra obtained from various emitters (8.75 mM emitter,
2.8 x 10-4 M [Ru(dmb)3]2+, 18 mW laser power).

3.2.10 The effect of DPA concentration

The role of DPA in the upconversion process is to receive energy from 3[Ru]2+* to
form 3DPA* , followed by the combination of the energy with another 3DPA* molecule.
The concentration of DPA directly affects the energy transfer process in both rates and
yields. In this study, the concentration of DPA was varied in the range from 5 to 40 mM.
[Ru(dmb)3]2+, [Ru(bpy)3]2+, and [Ru(phen)3]2+ were used as photosensitizers at 2.8 x 10-4
M. The laser power was set at 12 mW. Furthermore, the solutions of the ruthenium
complexes without DPA (0.0 M DPA) were tested in order to observe the
phosphorescence intensities (Ip,0).
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Figure 3.19 shows the emission spectra of the samples containing [Ru(dmb)3]2+
with various DPA concentrations. It is interesting to note that at low DPA concentrations
(<15 mM), there is a shoulder peak at 415 nm, and this peak disappears when the
concentration of DPA increases. DPA weakly absorbs at 415 nm through its S0 → S1
transition. The molar absorptivity for DPA is extremely low at this wavelength, but at
high DPA concentrations, the absorption is significant. A similar “disappearing” 415 nm
shoulder was seen in each sensitizer ([Ru(dmb)3]2+, [Ru(bpy)3]2+ and [Ru(phen)3]2+)/DPA
system.

Figure 3.19 The emission spectra of 2.8 x 10-4 M [Ru(dmb)3]2+ with various DPA
concentrations irradiated with 18 mW laser power.
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In general, Iu increases and Ip decreases as the DPA concentration increases. A
plot of Iu at 432 nm and Ip at 614 nm from the [Ru(dmb)3]2+ samples in at different DPA
concentrations is shown in Figure 3.20. The decreasing Ip was a result of [Ru(L)3]2+
quenching by DPA. Iu and Ip data for all three complexes are listed in Table 3.2.

Figure 3.20 The intensities of upconversion and phosphorescence at different DPA
concentrations in the samples containing 2.8 x 10-4 M [Ru(dmb)3]2+
irradiated with 18 mW laser power.
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Table 3.2 The upconversion (Iu) and phosphorescence (Ip) intensities of three ruthenium
complexes (2.8 x 10-4 M) at various DPA concentrations and the Stern-Volmer
quenching constants for each complex.
[Ru(dmb)3]2+

DPA concentration

[Ru(bpy)3]2+

[Ru(phen)3]2+

(mM)

Iu (a.u.)

Ip (a.u.)

Iu (a.u.)

40.0

44.40

2.56

17.65

1.66

20.51

1.52

35.0

37.68

3.10

16.86

1.87

18.63

1.63

30.0

36.39

3.72

15.64

2.14

17.27

1.88

21.0

34.38

4.61

13.49

3.07

14.12

2.31

15.0

30.38

7.09

12.20

4.19

13.30

3.06

8.75

24.59

10.08

6.56

7.24

5.92

4.59

5.00

20.52

17.06

3.61

11.77

2.56

6.97

0.00

0.00

38.92

0.00

47.77

0.00

15.54

(R2)

336 (0.9911)

Ip (a.u.) Iu (a.u.)

697 (0.9992)

Ip (a.u.)

250 (0.9922)

The quenching of Ip can be examined using the Stern-Volmer quenching equation:
,

1

1

(Eq. 3.18)

where Ip,0 and Ip are the phosphorescence intensities in the absence and presence of the
DPA quencher, respectively.
3

is the quenching rate constant,

[Ru(L)3]2+* with no quencher present,

is the lifetime of

is the Stern-Volmer quenching constant, and

[DPA] is the concentration of DPA. The plot between (Ip,0/Ip) and [DPA] should give a
linear fit with

as the slope (Figure 3.21). The plots of the data from all three
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complexes are linear with R2 values close to 1. The

values of all Ru complexes are

shown in the last row of Table 3.2.

Figure 3.21 The Stern-Volmer plot of (Ip,0/Ip) vs. [DPA] using 2.8 x 10-4 M [Ru(dmb)3]2+
as photosensitzer.
A higher

indicates greater efficiency of DPA in quenching 3[Ru(L)3]2+*.

for [Ru(bpy)3]2+ is the highest, followed by [Ru(dmb)3]2+ and [Ru(phen)3]2+, respectively.
Ip of [Ru(bpy)3]2+ was reduced greatly when DPA was added. However, it is surprising
that [Ru(bpy)3]2+ has highest

, but lowest Iu. One possible explanation is the product

of the quenching might not always be 3DPA*. In some cases, energy is not transferred to
the quencher, and is released as heat instead.

indicates only how much 3[Ru(L)3]2+* is

reduced, but does not indicate how much 3DPA* is produced. DPA can quench
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3

[Ru(bpy)3]2+* with high efficiency; however, not all DPA molecules obtain energy and

convert to 3DPA*.

3.2.11 Mechanistic details

The previous sections in this chapter show the studied results of the factors that
influence the upconversion process. With this information, an upconversion mechanism
can be formed as shown in Figure 3.22. [Ru(L)3]2+ is excited by a hυ0 photon to
1

[Ru(L)3]2+*, rapidly followed by intersystem crossing (ISC) to 3[Ru(L)3]2+*. The

deactivation of 3[Ru(L)3]2+* can occur in three ways: phosphorescence emission (hυp),
energy loss as heat by internal conversion (IC), and quenching by DPA where 3DPA* is
produced. The collision of two 3DPA* molecules causes energy transfer from one to the
other in a triplet-triplet annihilation (TTA), yielding 1DPA* and ground state DPA.
Finally, an upconverted photon (hυu) is emitted from 1DPA*. Moreover, other pathways
for the deactivation of 3DPA* are 1) losing energy as heat by IC, 2) emitting
phosphorescence (PL) (not detected), and 3) transferring energy to O2 in a quenching
process.
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Figure 3.22 The upconversion mechanism showing the change in energy state, decay
pathways, and energy transfer of species involved.
The change of energy levels of [Ru(L)3]2+and DPA in the process is displayed in
Figure 3.23. The left side of the diagram describes the ruthenium complex photophysics,
and that for DPA is on the right side. To prevent confusion, the notations for ruthenium
and DPA are assigned differently. The energy states of ruthenium are labeled with a
number in a circle. The numbers 0, 1, and 2 represent the ground state (S0), the triplet (T1)
and singlet (S1) excited states, respectively. The energy levels of DPA are designated
with Geek letters: α for the ground state, β for the triplet excited state, and γ for the
singlet excited state. Ax is a radiative transition rate where x indicates the starting state.
Wx is a nonradiative transition rate where x indicates the starting state. WQ is a quenching
rate between 3[Ru(L)3]2+* and DPA.
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The process initiates with the excitation of ruthenium with incident radiation (I0).
A ruthenium complex at S0 is excited by a 514 nm photon to S1, followed by intersystem
crossing to T1.

3

[Ru(L)3]2+* could decay in three ways: internal conversion,

phosphorescence emission (Ip), and quenching by DPA. 3DPA* generated from the
quenching process deactivates by three possible routes that are phosphorescence emission
(Iβ), internal conversion, and triplet-triplet annihilation (TTA). The TTA process gives
1

DPA* and ground state DPA. Finally, the 1DPA* emits an upconversion photon (Iu).

Figure 3.23 The energy level diagram showing change in states and energy transfer.
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In these experiments, the emission spectra were recorded when the intensity were
stable. At this point, it can be assumed that the rates of the reactions in the upconversion
process are at equilibrium, for example, the rate of generating 3DPA* equals to the rate of
deactivating 3DPA*. The steady-state approximation can be applied to the calculations to
monitor the populations of the excited species.
Quenching behavior

The population of the excited singlet (N2) and triplet (N1) states of the ruthenium
complex can be expressed as follows:
(Eq. 3.19)

0

(Eq. 3.20)

0

where the triplet state (N1) is quenched by ground state quencher molecules (Nα). From
Eq. 3.19 and 3.20, N1 and N2 are obtained:
and

(Eq. 3.21)

Substitute N2 in N1,
(Eq. 3.22)
Eq 3.22 can be rewritten in a simpler form:
1

(Eq. 3.23)

where
and
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Since phosphorescence intensity (Ip) is proportional to N1,

. Equation 3.23 can

also be used to explain the Stern-Volmer behavior. In the absence (Nα = 0; Ip = Ip,0) and
presence (Nα ≠ 0; Ip) of quencher:
1

(Eq. 3.24)

,

and
1

(Eq. 3.25)

so that
1
,

1

1

,

(Eq. 3.26)

(Eq. 3.27)

1

Eq. 3.27 is comparable to the Stern-Volmer equation in Eq. 3.16 where

and

. This model agrees with the quenching study.
Upconversion behavior

Two quencher triplet states (Nβ) undergo TTA to produce one ground-state singlet
(Nα) and one excited-state (Nγ) singlet. The steady-state approximation can be applied to
the β and γ states:
0

2

(Eq. 3.28)
(Eq. 3.29)

0
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Two limiting cases can be examined. If TTA is the dominant pathway to deplete the β
)}, Eq. 3.28 becomes:

state {

(Eq. 3.30)

2

Alternatively when TTA is a minor path {

)}, Eq. 3.28

becomes:
(Eq. 3.31)
The upconversion intensity (Iu) is proportional to Nγ so that Eq. 3.29 can be rewritten as:
2

(Eq. 3.32)

When TTA is dominant, the combination of Eq. 3.30 and 3.32 yields:
(Eq. 3.33)
and substituting for N1 in Eq. 3.23 gives:
1

(Eq. 3.34)

In the case when TTA is a minor path, combining Eq. 3.31 with Eq. 3.32 results in:
1

where

/

(Eq. 3.35)

. It is interesting that Iu limiting can be first or second

order in I0 according to Eq. 3.34 and Eq. 3.35, respectively. These relationships explain
why the slope of the log(Iu)-log(I0) plot in Figure 3.7 (b) inset does not equal to 2 as
expected by Eq. 3.13.
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) and other decay paths (

The competition between TTA (

determines the order of I0. These terms differ in their order with respect to
term will increase faster than the (

increases, the
number (

)
. If

term does. This

is proportional to the concentration of DPA. Therefore, it can be inferred

that when the DPA concentration is low, Iu should approach the second order limit. On
the other hand, at higher DPA concentrations, the dependence of Iu on I0 should approach
1. This idea can be examined by varying the laser power with the samples containing
various DPA concentrations. The Iu data and laser powers are examined using the log(Iu)log(I0) relationship in Eq. 3.13. The slopes of the plots (the power dependence of I0) are
listed in Table 3.3. The order of I0 in Table 3.3 approaches 2 as the DPA concentration
decreases. This is consistent with the mechanism described above.

Table 3.3 The order of I0 (n) according to log(Iu) = n⋅log(I0) + constant with various DPA
concentrations using 2.8 x 10-4 M [Ru(dmb)3]2+ as a photosensitizer.
DPA concentration (mM)

n (the order of I0)
according to log(Iu) = n⋅log(I0) + constant

21.0

1.47

15.0

1.50

8.75

1.59

5.00

1.76
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Relating upconversion to quenching

In Figure 3.19, Iu increases and Ip decreases as the DPA concentration increases.
The relationship between Iu and Ip can be expressed by combining Eq. 3. 27 and 3.35, and
the proportionalities are removed by inserting constants ku and kp:
1

(Eq. 3.36)

1

Hence:
(Eq. 3.37)
Most of the terms in

are the properties of the quencher, except WQ which is a

measurement of the intermolecular energy transfer efficiency from sensitizer to quencher.
ku is only dependent on the quencher; kp is dependent upon the ruthenium complex
sensitizer. The present experiments in section 3.2.10 use the same quencher (DPA), and
hence ku, WTT, Wβ, and Aβ are constant. Thus a comparison of the slopes of the plots of
(Iu/Ip2) vs. [DPA]2 shows the relative size of (WQ/kp)2. The plots of (Iu/Ip2) vs. [DPA]2 of
the [Ru(dmb)3]2+, [Ru(bpy)3]2+, and [Ru(phen)3]2+ complexes whose concentrations are
constant at 2.8 x 10-4 M are shown in Figure 3.24. The effectiveness of each ruthenium
complex in transferring absorbed energy to DPA is provided by the square roots of these
slopes (Table 3.4).
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Figure 3.24 The plots of (Iu/Ip2) vs. [DPA]2.

Table 3.4 The relative effectiveness of the ruthenium photosensitizers in transferring
energy to DPA.
Photosensitizer

Slope ∝ (WQ/kp)2

WQ/kp*

[Ru(phen)3]2+

5611

1.00

[Ru(bpy)3]2+

3900

0.83

[Ru(dmb)3]2+

3557

0.80

*Relative values normalized to [Ru(phen)3]2+.
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CHAPTER IV
CONCLUSIONS

The primary goal of this study was to understand the mechanistic details of the
upconversion process in the system composed of a ruthenium photosensitizer and an
anthracene derivative as the emitter. Further studies were conducted to determine whether
significant changes could be made to the absorption and emission wavelength ranges
while maintaining upconversion. Therefore, several homoleptic ruthenium complexes
were synthesized with a series of coordinating polypyridyl ligands: dmb, bpy, phen, tpy,
deab, dcpy, and MPEbpy. The last three ligands were prepared in this study; the others
are commercially available.
A series of heteroleptic ruthenium complexes {[Ru(L)(L')2](PF6)2} composed of
two ligand types were also prepared. They were synthesized in one step by first adding
one equivalent of ligand L, followed by the addition of two equivalents of ligand L'.
Three selected ligands (dmb, bpy, and phen) were used to prepare six different
heteroleptics: [Ru(bpy)(dmb)2](PF6)2, [Ru(bpy)2(dmb)](PF6)2, [Ru(bpy)(phen)2](PF6)2,
[Ru(bpy)2(phen)](PF6)2, [Ru(dmb)(phen)2](PF6)2, and [Ru(dmb)2(phen)](PF6)2.
Two additional ruthenium complexes were studied: [Ru(tpy)2](PF6)2 and cis[Ru(dcpy)2(NCS)2]. [Ru(tpy)2](PF6)2 was obtained using a synthetic method similar to the
homoleptics preparation, but only two equivalents of tpy ligand were added. The
synthesis of cis-[Ru(dcpy)2(NCS)2] was successful when RuCl3⋅xH2O was used as a
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ruthenium source under protection from light. Each synthesis was confirmed by standard
analytical methods.
The majority of the emission spectra could be divided into three wavelength
ranges. First, the scattering peak appears at the same excitation wavelength from the laser
(514 nm for an argon-ion laser and 632.8 nm for a helium-neon laser). Second is the
upconversion

emission

at

the

shorter

wavelength

than

excitation.

Lastly,

phosphorescence from the ruthenium photosensitizer arises at longer wavelength.
The observed upconversion intensity (Iu) was strongly dependent upon the
position of the laser beam inside the cuvette. The highest intensity was found when the
beam was at the edge of the solution. As the laser beam moved toward the center of the
cuvette, Iu decreased, as a result of self absorption by the solution itself. In contrast, the
phosphorescence intensity (Ip) did not vary with laser position because none of the
solution components absorb in this wavelength range.
Oxygen (O2) dissolved in solution decreases upconversion intensity, but had little
effect on phosphorescence. It indicates that O2 preferentially deactivates either 1DPA* or
3

DPA*, decreasing Iu, and hence the quenching rate of the excited DPA species was much

faster than that of 3[Ru2+]*.
The effect of laser power on Iu was studied with a variable power argon-ion laser.
Iu and Ip increased when the laser power increased as a result of increasing the number of
incident photons. The relationship between Ip and the laser power was linear, as expected
from the phosphorescence emission mechanism. By contrast, the plot between Iu and the
laser power showed a higher power dependence. This suggests a two photon mechanism.
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However, plots of log(Iu) vs. log(laser power) had slopes which were less than 2. This
indicated that the mechanism required further study.
A comparison between homoleptic and heteroleptic ruthenium complexes as
photosensitizer was performed. The homoleptic samples emitted higher Iu than the
heteroleptic samples under the same conditions. Among three homoleptics, highest Iu was
found in the sample containing [Ru(dmb)3]2+, followed by [Ru(phen)3]2+ and
[Ru(bpy)3] 2+, respectively. However, after correction for the absorption coefficient (ε514),
all three homoleptics have similar energy transfer efficiencies. In contrast, Iu for the
heteroleptic samples was ≈ 2/3 of the homoleptic values. One reason for this behavior
may be the difference in the symmetry between the homoleptics and heteroleptics. Triplet
excited states with C2 symmetry may have higher energy transfer efficiency than those
with C1 symmetry.
The effect of ruthenium complex concentration is similar to the effect of laser
power. Both Iu and Ip increase as the concentration increases due to more incident light
being absorbed. However, the relationship between emission and concentration is
difficult to establish because of the narrow concentration range available for these
studies. High concentration samples could not be prepared because of the limited
solubility of these complexes, while at lower concentration the upconversion intensities
were too low to obtain consistent reproducible results.
Several other compounds ([Ru(deab)3]

2+

, [Ru(MPEbpy)3]

2+

, [Ru(tpy)2]

2+

, and

cis-[Ru(dcpy)2(NCS)2]) were studied in attempt to modify the upconversion process.
[Ru(deab)3](PF6)2 was chosen because of its very high absorption at 514 nm. It was not,
however, an efficient upconverter. Most of the absorbed energy was lost by
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phosphorescence. This implied that the energy transfer from [Ru(deab)3]2+ to DPA is less
efficient than that from [Ru(dmb)3]2+ to DPA.
For [Ru(tpy)2]2+, surprisingly, only the scattering peak at 514 nm appears in its
emission spectrum. The absence of both upconversion and phosphorescence is probably
due to the very short lifetime of 3[Ru(tpy)2]2+*. 3[Ru(tpy)2]2+* decays to the ground state
without emitting phosphorescence or transferring energy to DPA.
The [Ru(MPEbpy)3]2+ complex was prepared for the first time in this study and it
was shown to perform upconversion with DPA. Its absorption at 514 nm and
phosphorescence are similar to those of [Ru(dmb)3]2+. It indicates that the addition of a
phenyl group on a bipyridine ring using a saturated bridge does not appreciably change
the electronic properties of the ruthenium center. However, Iu from [Ru(MPEbpy)3]2+ is
half that of Iu from [Ru(dmb)3]2+. The additional groups may hinder quenching by DPA.
The emission spectrum of the cis-[Ru(dcpy)2(NCS)2] sample did not contain any
peak in the upconversion range. On the other hand, a huge 514 nm scattering peak and a
very small phosphorescence peak were found. Similar to [Ru(tpy)2]2+, the lifetime of cis3

[Ru(dcpy)2(NCS)2]* is so short that it does not live long enough to transfer energy to

DPA. The cis-3[Ru(dcpy)2(NCS)2]* lifetime is a little longer than the 3[Ru(tpy)2]2+*
lifetime; hence, the decay of cis-3[Ru(dcpy)2(NCS)2]* via phosphorescence emission can
be observed.
[Ru(deab)3]2+ as a photosensitizer and DPA as an emitter has been shown to
upconvert red to blue light. A low-power (10 mW) 632.8 nm helium-neon laser caused
upconversion when it was focused into the sample solution. The recorded emission
spectrum showed upconversion and phosphorescence almost identical in shape to the
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emission spectrum obtained from the green laser. Only the scattering peaks from both
laser sources appear at different positions. This strongly supports the energy transfer
mechanism described in this thesis.
A variety of anthracene derivatives were used as emitters to study the effect of the
substituents on anthracene to the upconversion efficiency. DcAn, Dc2An, and Br2An
emitters did not upconvert incident light. 3DcAn* has very low lifetime, and Br2An tends
to form the triplet excited state due to high intersystem crossing yield (S1 Æ T1) caused
by the presence of heavy atoms (Br). On the other hand, the solutions containing An,
MMAn, DPA, and BPEA show upconversion and the upconversion emission
wavelengths and intensities significantly differ. As the emission wavelength move away
from the excitation wavelength, the upconversion intensity decreases. The order of the
emission wavelength from short to long is An < MMAn < DPA < BPEA, which is
opposite to the order of the upconversion intensity. This is consistent with greater energy
transfer efficiency when donor and acceptor states are close in energy. It does not,
however, exclude future discovery of efficient large wavelength shifting systems.
DPA concentration studies reveal that as the DPA concentration increases, Iu
increases but Ip decreases. It is consistent with increased energy transfer via quenching at
high DPA concentration. The decrease of Ip can be modeled by the Stern-Volmer
quenching equation. From the Stern-Volmer quenching constant (

), 3[Ru(bpy)3]2+*

was quenched by DPA more efficiently than 3[Ru(dmb)3]2+* and 3[Ru(phen)3]2+*,
respectively. However,

alone cannot be used to evaluate the energy transfer

efficiency. The relative

magnitudes do not agree with the order of the upconversion

intensity. This shows that when a 3[Ru(L)3]2+* is quenched it does not necessarily produce
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a 3DPA*. 3[Ru(bpy)3]2+*, in particular, appears to be quenched with much lower 3DPA*
production.
Using knowledge from the studies, a detailed mechanism of the upconversion
process was proposed. The steady-state approximation was used because the emission
spectra were recorded under continuous pumping condition (constant intensities). The
formulation of the relationship between Ip,0/Ip and the concentration of DPA agrees well
with the Stern-Volmer quenching equation.
An upconversion equation can also be formulated using the mechanism and the
steady state approximation. It appears that Iu can vary between first and second order
dependence on [DPA] and I0 depending on the competitive rates between triplet-triplet
annihilation (

) and other decays (

). When

expected to be proportional to [DPA]. If

dominates, Iu is
, Iu will vary as

[DPA]2. In these studies, the observed power dependence varied between one and two
and became closer to two at low DPA concentration.
A final relationship between Iu and Ip was predicted:

/

where

. This relationship was confirmed by plotting (Iu/Ip2) vs.

[DPA]2.
These studies were successful in revealing the mechanistic details and providing a
better understanding of the upconversion process and suggest several avenues for future
work. The study of upconversion should concentrate on homoleptic complexes which
give higher upconversion intensity than heteroleptic complexes. The selection of
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upconversion components needs to consider their triplet lifetimes. In addition, there are
numerous metal complexes and organic compounds that are interesting to be studied as
donor and acceptor. Furthermore, there are many ideas about modifying the system to
increase its efficiency. For example, connecting emitter and photosensitizer with a linker
may reduce a limitation from diffusion of components and hence increase energy transfer
efficiency. Finally, attempts should be made to develop a solid-state upconversion system
which would have numerous practical uses.
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